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Abstract

Indoor positioning has attracted commercial developers and researchers in the last few decades. This paper presents an indoor localization
system based on both Wi-Fi and BLE technologies at 2.4 GHz. The proposed system uses fingerprinting method with existed advertising
channel of Wi-Fi and BLE, 63 reference points and 17 test points. The mean error achieved of 1.6795 m in a very complex indoor environ-

ment of 9.2 m x 8.4 m, is a good result compared to similar model considering the equivalent complexity of the region.

Keywords: Indoor localization, ILS, Wi-Fi, BLE.

Symbols

Symbols Units Description

di m Euclidean distance

RSS dB Received Signal Strength
Qx Weighted of each point
L m Distance

Abbreviations

KNN K-Nearest Neighbor
W-KNN Weight K-Nearest Neighbor
BLE Bluetooth Low Energy
UHF Ultra high frequency

RF Radio frequency

RFID Radio frequency identification
uwB Ultra-Wideband
GPS Global Positioning System

AP Access point

LSTM Long Short-Term Memory
DNN Deep neural Network
Tém tit

Pinh vi trong nha da va dang thu hut cic nha phat trién va cac
nhém nghién ctu trén thé gici trong vai thap ky qua. Bai bao nay
trinh bay giai phap dinh vi trong méi trudng hep dua trén cong
nghé Wi-Fi va BLE & dai tin 2.4GHz. Hé théng dinh vi d& xut sir
dung phuong phap 14y ddu van tay, khai thac tham sé RSS tir cac
tram phéat Wi-Fi va BLE véi 63 diém tham chiéu va 17 diém thi
nghiém. Sai s6 trung binh dat dugc 1a 1.6795m trong mdi trudng rét
phtec tap 9.2m x 8.4m, la mot két qua tét dang dé so sanh véi cac hé
théng twong ddng c6 xét dén do phuc tap cia ving khong gian dinh
Vi.

1. Introduction

Positioning is determining the position of an object in an
area that is coordinated by a given frame. A positioning sys-
tem must have the function of determining the position of
equipment in a given area with a certain accuracy.

Along with the development of technology, the global posi-
tioning system GPS has been pre-installed on most mobile
devices, making outdoor positioning and navigation easier
and more popular than ever. However, in large buildings, the
GPS global positioning system faces difficulties such as
weak signal, large noise, making the accuracy of the results
significantly reduced. Such difficulties are mainly encoun-
tered in indoor environments, basements, and underground
environments of large buildings. Therefore, there is an inevi-
table need to build indoor positioning systems independent
of the GPS global positioning system.

Location information plays an important role in industrial
systems including agriculture, healthcare, security, transpor-
tation, telecommunications, entertainment and other services
in smart homes, smart cities that help improve people's
quality of life. The indoor localization research is attracting
the attention of many research groups and technology com-
panies around the world with potential applications such as
locating objects in the office/supermarket; Positioning and
navigation systems for people/robots in commercial centers,
buildings, warehouses, smart treatment rooms.

Indoor localization is not only a raising topic of research but
also a necessity of the market which open up a promising
research area [1]. In fact, there has been a lot of researchers
to develop indoor localization systems using different tech-
nologies with different objectives such as reducing costs,
increasing the accuracy of positioning results. According to
a survey by the research team with the main author Christian
Esposito in [2]: RF radio technology accounts for 66% (Wi-

Received: 04 May 2022; Accepted: 01 October 2022.
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Fi 24%; Bluetooth 17%; Zigbee 8%; UHF 4%); RFID 7%;
combination 6%) infrared technology 9%, UWB technology
6%, GPS 4%, imaging technology 1%, magnetic field tech-
nology 1%.

In this paper, we deploy a positioning system based on Wi-
Fi or BLE (Bluetooth Low Energy) technologies and combi-
nation technology (Wi-Fi + BLE). RSS parameter is record-
ed as the database for fingerprinting method to identify ob-
jects positioning with many obstacles.

This paper is organized as follows. In section 2, related
works about existing indoor localization systems and recent
trends are presented, the deployment of locating systems:
theoretical basis, structure, components, and localization
algorithm is elaborated upon in section 3. Section 4 summa-
rizes experimental results and compares with other works,
and section 5 is the author's conclusion.

2. Related works

There are various methods relate to indoor localization sys-
tem based on electromagnetic wave namely ILS. The follow-
ing list briefly introduces the most common techniques em-
ployed in ILS [3].

» Time of Arrival (TOA): It measures the time of arrival of
the signal from an emitter, as recorded by the receiver. It is
used for estimating the distance to each emitter, as the prop-
agation speed of the signal (sound, radio frequencies) is
known for the transmission medium (air).

* Time Difference of Arrival (TDOA): It is similar to TOA.
It measures the differences in the time of arrival of signals
from different emitters. It is used for estimating differences
in distances to each emitter.

* Angle of Arrival (AOA): It refers to the angle at which the
signal reaches the sensor. Angles are then used to obtain a
position fix.

* Received Signal Strength (RSS): It is the intensity at which
the signal from an emitter is measured. The signal strength
decreases as the distance to the emitter increases, although
their relation may be affected by attenuation and interference.
The technique employed for a solution determines how the
position is estimated. TOA, TDOA, and RSS are used for
estimating distances to signal emitters. The estimated dis-
tances to a set of emitters are then used in what is called lat-
eration to find the position estimate that best fit the set of
distances (see Figure 1a). Lateration is called trilateration if
three distances are used, while it is called multilateration if
more than three are used. The angles obtained in AoA are
used to compute a likely fix on the target position, as shown
in Figure 1b, in what is known as angulation. Both lateration

and angulation are commonly classified as range-based or
ranging- methods, and they require the previous knowledge
of the positions of the emitters.

The RSS technique is also employed for a range-free method,
very popular in ILS, called fingerprinting or sometimes sce-
ne analysis. The fingerprinting encompasses two stages. In
the first stage, also known as offline stage, the signal quanti-
ty of each detected emitter at a given time and position (a
fingerprint) is measured at several places the target scenario
and stored to create a characterization of the signals in that
scenario as comprehensive as possible. The collected data-
base is called the training database. If the measured signals

are radio frequencies (RF), the database is also called radio
map. In the second stage, also known as online stage, the
position corresponding to new measured signal quantities is
estimated using the positions associated with the stored fin-
gerprints that are the most similar when compared to the new
measurements (see Figure 1c). Table 1 present the ad-
vantages and disadvantages of localization techniques [4]:

Possibility of error

(a) Lateration

Possibility of error

’/ &
/ <
/, N\ 0,
/ R
NN
[ JH C—
(b) Angluation
il wl wil ail wl
il all -lﬂ-?J al wl

(c) Fingerprinting

Figure 1: Most common methods used in ILS.

Table 1: Advantages and disadvantages of different localization techniques

Technique Advantages Disadvantages
RSS Easy to implement, | Prone to multipath fading and
cost efficient, can be | environmental noise, lower
used with a number localization accuracy, can re-
of technologies quire fingerprinting
AoA Can provide high | Might require directional anten-
localization accuracy, | nasand complex hardware,
does not require any requires comparatively complex
fingerprinting algorithms and performance
deteriorates with increase in
distance between the transmitter
and receiver
ToA Provides high locali- | Requires time synchronization
zation accuracy, does | between the transmitters and
not require any receivers, might require time
fingerprinting stamps and multiple antennas at
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the transmitter and receiver.
Line of Sight is mandatory for
accurate performance.

TDoA Does not require any
fingerprinting,  does
not require clock
synchronization
among the device and

RN

Requires clock synchronization
among the reference nodes,
might require
time stamps,
bandwidth

requires larger

Fingerprinting | Fairly easy to use New fingerprints are required
even when there is a minor

variation in the space

Regarding RSS-based system, the other claimed systems
exploiting RSS parameter are taken into comparison with
our system. Lateration and Fingerprinting are the most popu-
lar method used in such systems.

Article [5] used Bluetooth technology with lateration meth-
od, using 4 transmitters, in the locating space is classroom of
6.0m* 8.0m, there are only tables and chairs, the locating
error is 0.5m - 1.5m. [6] used BLE technology, the position-
ing method is the fingerprinting with 6 transmitter stations in
an empty laboratory, only a few tables, an area of 14.0m *
8.0m, achieving an error of 0.246 - 1.272 m. [7] used Wi-Fi
technology, 3 transmitter stations, the positioning area on the
laboratory of 10.8*7.3m is quite complicated, the corridor is
wide, reached an error of 1,6472m with the KNN algorithm.
The article [8] achieved an error of 1.2 m on the positioning
area as a fairly simple reading room 8*8m with 4 BLE
transmitters. [9] Experimented on a complex 7*11m labora-
tory with 3 Wi-Fi stations, used lateration method with an
error of 0.5-3.5m. For improving WKNN algorithm, the au-
thors in article [10] deploy Long Short-Term Memory
(LSTM) in combination with WKNN in a measuring area of
308.4 m?, in a library with multiple bookshelves, achieving
an error of 1.99 m on average. Another Assemble Learning
technique states in article [11], which using Deep Neural
Network to enhance traditional WKNN algorithm, achieve
average positioning error about 1.69 m, with most position-
ing errors were less than 3 m.

3. Deploying the Indoor localization system

3.1. System configuration

For each positioning technology, we use the same configura-
tion as in Figure 2 with 3 fixed stations — the minimum
number of stations for a navigation system. The experimen-
tation system is described as bellow:

e 3 APs (access points) using Wi-Fi technology are fixed
using ESP32-S module.

e 3 APs (access points) using BLE technology based on
nRF52840 module. Each Wi-Fi AP is placed at the same
position with BLE AP as in Fig. 3.

e Target device is using Wi-Fi and BLE technologies.

e One station access point (STA) acts as a master which
can communicate both BLE and Wi-Fi technologies for
pushing data to Server. The data will be processed at the
Server to indicate the position of target device based on
information of RSS, collected database and positioning
algorithm.

\ D, j1.6RSS, RSS, RS,
Q RSS Signal ° ___(_'_H:_l_'__"__.
——
&

T Y tho,

oint
I | coordinates
[

Database

Figure 2: Configuration of positioning system

The system consists of 6 fixed AP nodes with 3 BLE AP
nodes and 3 Wi-Fi AP nodes. In the combination of two
technologies scenario as in Figure 3, one Wi-Fi AP and one
BLE AP are placed at each APi. With that combination, we
overcome the limitation of number of BLE or Wi-Fi hard-
ware devices, more AP nodes are available which results in
better localization accuracy.

3.2. Tested scenairo

The selected location for implementation and evaluation of
results is 328 room, C1 building, Hanoi University of Sci-
ence and Technology. The room is divided into 4 areas as in
Figure 3: Lab 1 activity area, Lab 2 activity area, Micropro-
cessor area, server area. Mesh of 7*9 points in 8.4m*9.2m
positioning space, mesh spacing is 1 m.

In the offline stage, we create a database with 63 fingerprint-
ing points arranged in Figure 3. In the online phase, we con-
duct a test with 17 test points using the W-KNN positioning
algorithm.

Both of the selected positioning technologies use the same
measurement model, which forms the basis for the evalua-
tion of the positioning results, and the combination model is
conducted later.

@ Test Points

Lab 1 Erea
Computers Erea

Lab 2 Erea
Experiment Erea

Figure 3: Locating room C1-328 (for dataset self-gathering)
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The RF3l Lab area (C1 - 328) is chosen as the testing
environment due to its complex environmental conditions,
many obstacles and electrical devices that turn on and off at
different times, creating great challenges for indoor
positioning and increasing value for error improving efforts.
That contributes to the advantage of this paper and creates a
basis for comparison with similar works taking into account
the complexity of the environment.

3.3. Positioning method

Fingerprinting is a positioning method based on comparing
the current signature of the object with the existing signature
in the sample database, thereby drawing conclusions about
the location of the locating object. The positioning parameter
commonly used in this method is the received signal strength
RSS indicator. This method can estimate the position of the
device with high accuracy.

The determination of the device's position assumes that the
RSS obtained at each point in the geolocation space are dif-
ferent and that these values are stable over time. The device's
position within the locating area is determined by matching
or comparing the observed signal value with signal values
previously stored in the sample database. The accuracy of
this method does not depend on the location of the signal
stations, in other words, we do not need to know the coordi-
nates of the signal stations in advance, but still determine the
position of the positioning object.

INPUT PROCESS

ouTPUT

Target Position

Estimation (x,y)

Figure 4: Fingerprinting phases

The process of implementing fingerprint method consists of
2 stages:

e Phase 1: Select test points in the implementation ar-
ea of the problem and measure the RSS of the
transmitting stations received at these test points.
These are the unique features or signs that distin-
guish one location from another. Through the
measurement results, we will build a sample data-
base for the test points. This process is also known
as signal mapping of the positioning area.

e Phase 2: Compare the value of the received signal
strength (RSS) indicator of the object with the sig-
nal map of the positioning area built in stage 1. Us-
ing algorithms such as KNN, WKNN, ... to estimate
the position of the object to be located.

The fingerprinting requires considerable effort and time to
build a database for each test site and should be updated
when there is a significant change in signal strength. In gen-
eral, the challenges of signal tracing and mapping are mainly
the time-consuming and computationally intensive process
of imprinting.

This method does not require any specialized hardware, just
commercially available radio transceivers such as beacons,
APs, smartphones, RFID, etc. The disadvantage of this
method is the low accuracy if there are many unusual noise
in the environment that have not been recorded in the data-
base.

3.4. W-KNN algorithm
3.4.1. Basic kNN

KNN algorithm [12] helps to classify samples based on
measurement, calculating available samples. Here, the set of
Euclidean distances D; between the measurement of RSSs in
real time S={S%;, S%, ... S™} and the measurement of RSSs in
the grid of real reference fingerprints R={R%, R?%, ... R™}
will be calculated. The set of distances D; is sorted to find K
based on the smallest D; intervals. Finally, the coordinates of
the test subject will be calculated based on the average coor-
dinates of the K fingerprints mentioned above (online
phase). Specifically, we have the following formula to calcu-
late the Euclidean distance:

d = i|RSSi _Rssijr with i=1,2,3,....M 1)
\l =

In there, RSS;j represents the average value of received signal
strength on the j test point calculated with the it reference
point on the reference fingerprint map and RSSj represents
the RSS value of the AP; obtained during the online testing
period. M and N represent reference points (RPs) and test
points, respectively. Next, by selecting the k smallest
outcomes in the set Dj, we get k coordinates of the reference
points (RP). From there, determine the coordinates of the
object's position by the formula:

(X, y)=%i(xi-yi) (2)

Where (x,y) is the coordinates of the test point to be found. k
can be estimated and given empirically.

3.4.2. Weight K-Nearest Neighbor

The distribution of RSS is not always a normal (Gaussian)
distribution for complex indoor environments with many
obstructions. To solve this problem, the Weighted KNN
(WKNN) algorithm [12] is introduced. Assuming the test
point has coordinates L, we represent L according to the
coordinates of K nearest neighbor points as follows:

L:()A(l;/):Za)i*(Xi,yi) (3)

where w;i is the weighting factor of each reference point
among the K nearest points of the test point, used to
determine the coordinates of the point to be found,
calculated by the formula:
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1

a)i:

i 1 (4)

7 d;
Finally, the location of the test point is given by the formula:

1

—

d

21 *(%y:) (5)
%,

=

N

L:(le):

4. Experimental result

Applying the positioning algorithm with 17 test points at the
online stage, we considered and selected k=4 for the W-
KNN algorithm as the most optimal coefficient for this
measurement data. We synthesize the positioning error of the
system using Wi-Fi, BLE technologies and propose a solu-
tion of multi — technologies localization system that combine
Wi-Fi and BLE technologies, so that each survey point will
receive 6 RSS Vectors to improve the accuracy for the sys-
tem.

4.1. Localization result

The topic has conducted experimental locating system with
Wi-Fi technology (3 stations) and BLE (3 stations) and ap-
plied the W-KNN positioning algorithm (K=4). The results
in Table 2 show that BLE technology gives better results
with an error of 0.26 m - 4.6 m, the average error is 1.69 m
on the locating area of 9.2m x 8.4m. Some test points have
abnormally high errors due partly to errors in data collection,
mainly because these points are located at the edge of the
positioning area or in an area with many obstacles, or the
effect of electrical devices, so there is difference between the
offline and online phases.

Combining both Wi-Fi and BLE technologies (6 stations)
reduces the average error to 1.6795 m and reduces the error
range to 0.3807 - 3.8810 m, the quality of the locating sys-
tem is significantly increased.

Table 2: Summary of localization results

Error{m)
5

4
3 | ‘
2 I

D ‘ﬂiﬂﬁﬂh"llul."l”l ||"||

12 3 456 7 8 9 1011121314151617 points

[y

I \ViFi BLE

. \WiFi + BLE WiFi mean error

BLE mean error s \WiFi + BLE mean error

Figure 5: Summary of localization results

4.2. Comparison with the related works

There have been many groups deploying single-modal in-
door localization system, Table 3 and 4 present the compari-
son between the proposed system with the related work in
term of accuracy, locating area and the complexity of locat-
ing environment. The advantage of this paper is using 3 sta-
tions, which is the minimum number of stations, simple
hardware and low cost. It can be applied to a rather large and

complex indoor localization area.

Table 3: Comparison with related indoor localization systems

Tech- Error

nology Min error Max error Mean error
Wi-Fi 0.5279 4.6382 1.8524
BLE 0.26 4.6 1.69
Wi-Fi

+BLE 0.3807 3.8810 1.6795

. Area Mean er-
Sample Algorithm (m?) Error (m) ror/ Area
. Min: 0.5229
‘F"i’" Ee:‘eﬁgfrt Max: 4.6382 | 0.0240
9 Mean: 1.8524
Min: 0.26
ou | BLE | SRRt 778 | Max: 4.6 0.0219
Y 9 Mean: 1.69
Wi- K-nearest Min: 0.3807
Fi + Neighbor Max: 3.8810 0.0217
BLE 9 Mean: 1.6795
Least Square
Centroid )
[5] Positioning 48 05+15 (1)'30104 +0.03
Three-
border
K-nearest ) 0.0022
[6] Neighbor 112 0.246=1272 | 50114
Least Square 3.7358 0.0474
Other | [77 | Kohearest | 7584 | 16472 0.0209
articles Neighbor
Naive Bayes 2.7390 0.0347
K-nearest
8] | Neighbor 64 1.2 0.02
. 0.006
[9] Least Square | 77 0.5+3.5 20.045
WKNN  +
[10] LSTM 308.4 | 1.99 0.006
WKNN  + 04+4
[11] DNN 117 Mean: 1.67m 0.014

Criteria for assessing environmental complexity:

e Environment with lots of furniture and obstacles
with different heights: 1*/5*
o Narrow and complicated navigation corridor: 1*/5*
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e Obstacles, partitions made of many different —m with Wi-Fi and 1.69 m with BLE by fingerprinting meth-
materials: 1*/5* od on a locating area of 77.28 m2.
e There are many machines that can cause This paper a_Iso_ proposed a r_nulti—technology locating system
interference: 1*/5* based on Wi-Fi and BL_E with an average error of 1.6795 m
e Many passersby: 1*/5* and reduce;d error margin. _ '
Table 4: A of lexity of envi . The experimental space located in a complex environment of
aple & Assessment of complexity of environmen RF3I Lab (C1 - 328) with many partitions, obstacles and
Sample Description Scenario cOm?_Iexuty glectrlcal 'deV|ces that can _be _turned on or qff_at different
rating times which effect the radio signals. To limit interference,
er?; la?;g;ietgry ;‘ﬁ; samples should be taken at different times of the day. In the
chairs, many operat- ) near future, we will test the system with increasing the num-
ing machines, many | ~Ss@tions ber of grid points according to the prediction instead of the
9 Y| - mesh spacing
furniture. m ' actual measurement so that we can increase the amount of
- There are glass | oo ey database without increasing the sampling time in the offline
g
Our system cabinets, partitions, rinting samole 4.8/5 . X
narrow aisles, many | P : g p phase. With further developments, the system can improve
obstacles with com- | PO the accuracy of the current results.
. . - 17 random test
plicated materials points
- There are people
passing by. References
- Area of 77.28 m?,
- Classroom has [1] Béo cao téng két: Binh vi dbi twong trong méi truong hep dua trén
desks and chairs with 4 stati song dién tir, T.S L& Minh Thuy - B6 mon KTD&THCN, vién Dién,
[5] | a height of less than | ~5 fezt'ggisms 15/5 Dai hoc Bach Khoa Ha Néi. Ma Sé: T2018-TD-006.
1.2m. [2] C. Esposito vdi M. Ficco, “Deployment of RSS-Based Indoor
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- 6 stations 224-242, thang 12 2011, doi: 10.1007/s10776- 011-0131-7.
|- mesh spacing: [3] Mendoza-Silva, German M., Joaquin Torres-Sospedra, and Joaquin
- The laboratory is | 1m Huerta. 2019. "A  Meta-Review of Indoor Positioning
[6] mostly empty, has | - there are 73 15 Systems" Sensors 19, no. 20: 4507. https://doi.org/10.3390/519204507
onlyafewtablezs. flnger-prm_tlng [4] F. Zafari, A. Gkelias and K. K. Leung, "A Survey of Indoor
- Area of 112 m*. sample points Localization Systems and Technologies,” in IEEE Communications
- 15 random test Surveys & Tutorials, vol. 21, no. 3, pp. 2568-2599, thirdquarter 2019,
__| points doi: 10.1109/COMST.2019.2911558.
- Laboratory  with ) [5] Yapeng Wang, Xu Yang, Yutian Zhao, Yue Liu, and L. Cuthbert,
tables,_ cI_’lalrs,' BLE —3sta_t|0ns i “Bluetooth positioning using RSSI and triangulation methods,” in
and Wi-Fi de_vnces. - 40 fl_ngerprlnt- 2013 IEEE 10th Consumer Communications and Networking
- t VtVIde cct>rL|dor,|the ing por']”ts ) 355 Conference (CCNC), Las Vegas, NV, Jan. 2013, pp. 837-842. doi:
est area takes place | - mesh spacing: : 10.1109/CCNC.2013.6488558.
in an area of the lab | 1m . . .
| [6] S. G. Obreja and A. Vulpe, “Evaluation of an Indoor Localization
Othelr ((:T:s)walls o obsta éi?]t;andom test Solution Based on Bluetooth Low Energy Beacons,” in 2020 13th
AMICIES Aroa of 78.84 m? P International Conference on Communications (COMM), Bucharest,
- Aréa of 76.64 m*. _ Romania, Jun. 2020, pp. 227-231.
- Reading room with :‘:n S;:;'OS”Sacin ' doi:10.1109/COMM48946.2020.9141987.
g bookshelf,  reading 1 pacing: 25 [7] S. Sadowski, P. Spachos, and K. N. Plataniotis, “Memoryless
(8] table. :;g d Techniques and Wireless Technologies for Indoor Localization With
- Area of 64 m?. -32 random test the Internet of Things,” IEEE Internet Things J., vol. 7, no. 11, pp.
points 10996-11005, Nov. 2020, doi: 10.1109/JI0T.2020.2992651.
- The Iabor_atory hé}s . [8] M. Li, L. Zhao, D. Tan, and X. Tong, “BLE Fingerprint Indoor
tables, chairs, parti- | - 3 stations 2o - 8 : 8erp
[9] - ' o ' 4/5 Localization Algorithm Based on Eight-Neighborhood Template
tions, and machines. RN .
A 77 m? Matching,” Sensors, vol. 19, p. 4859, Nov. 2019, doi:
- ;ea ‘I’__b m. T RTINS 10.3390/519224859.
. Iti rorary wi i S [9] P. Barsocchi, S. Lenzi, S. Chessa and G. Giunta, "A Novel Approach
multiple bookshelves | - 63504 meas- e . L -
[10] and people around urement in 15 4/5 to Indoor RSSI Localization by Automatic Calibration of the Wireless
—Arga' 5084m2 ' months Propagation Model,” VTC Spring 2009 - IEEE 69th Vehicular
- - Technology Conference, 2009, pp. 1-5, doi:
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5. Conclusion

This paper has presented and analyzed current indoor posi-
tioning trends, thereby building a locating system based on
Wi-Fi and BLE technologies with simple configuration, low
cost, easy to deploy and simple algorithm, easy to extend
and improve. The result achieved an average error of 1.8524
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Piéu khién duw bao m6 hinh da bwéc véi hiéu qua tinh toan trong b bién doi da
mirc cAu H ndi tAng cap ngudn cho dong co khong dong bd

Computationally efficient multistep model predictive control in cascaded H-bridge
multilevel converter fed induction motor

Pho Bao Binh'2, Lé Pirc Tho?, Ping Quang Tién? Tran Trong Minh? Vii Hoang Phuong?”
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Abstract

In model predictive control (MPC) strategies for power electronics applications, extending the prediction horizon length has yielded signifi-
cant benefits. Previous studies have approached the adoption of multistep predictive control (Multistep MPC) for cascaded H-bridge inverters.
This method is used very effectively with applications that the prediction horizon is determined. However, when the number of prediction
steps is large, the calculation time will increase significantly. That seems to be the biggest disadvantage when applying the MPC control
method. Therefore, this paper proposes an alternative new algorithm that improves the computational time of the predictive control algorithm.
This algorithm helps to find control signals faster by parallel search strategy instead of sequential one as in traditional methods. The simulation
results demonstrate the calculation speed is significantly faster, the control quality of the two methods is the same, and especially work well
for large number of prediction steps applications that the conventional algorithm could not perform.

Keywords: Model predictive control, Induction motor, Field oriented control, Sphere decoding algorithm

Abbreviations

CHB Cascaded H-Bridge

IM Induction Motor

MPC Model Predictive Control

EMI Electro Magnetic Interference

FOC Field Oriented Control

SDA Sphere Decoding Algorithm
Tém tat

Trong céc chién Iwoc diéu khién du bao mé hinh MPC cho céc ing
dung dién tur cong suat, viec mo rong khoang dyu bao da mang lai lgi
ich dang ké. Céc cong trinh nghién ciru trudc day da tiép can viéc sir
dung diéu khién dy béo da buéc (Multistep MPC) cho bé bién dbi
nghich luu ciu H néi ting. Phuong phap nay duoc st dung rét hiéu
qua véi cac ting dung c6 khoang du bao biét truge. Tuy nhién khi sb
budc du béo I6n, thoi gian tinh toan s& tang 1én dang ké. D6 duong
nhu 14 han ché 16n nhét khi s dung phuong phép didu khién MPC.
Do vy, bai bao nay dé& xuit mot thuat todn mai thay thé gitp cai

thién thoi gian tinh toan cua thuat toan didu khién dy bao. Thuat toén
nay gidp tim kiém cac tin hiéu diéu khién nhanh hon bang phwong
phép tim kiém song song thay vi tim kiém tuan tw nhu & cic phwong
phép truyén théng. Két qua md phong da cho thiy téc do tinh toan
nhanh hon dang ké, chat lvong diéu khién cua hai truong hop 1a nhu
nhau va dzc biét 12 c6 thé hoat dong t6t ddi véi cac tng dung can sb
budc dy béo lon, diéu ma & thuat toan cii khong lam dugc.

Tir khéa: Model predictive control, Induction motor, Field
oriented control, Sphere decoding algorithm

1. Pt van dé

Céc bo bién dbi da mirc dugc ua chudng va dugc sir dung
rong rii trong cong nghiép cho cac img dung dién tir cong suét
vira va cao. Theo [1][2], ¢6 ba cdu trac dién hinh cua bd bién
ddi da mirc 1a cdu trac dang diode kep [3], cAu tric ty thay doi
[4] va cau H ndi ting [5]. C6 thé thay rang bo bién d6i da mirc
cAu trac CHB cho két qua vuot troi vé chét lugng dién ap, ton
hao déng cit, chi sé EMI [6]. Hon nita, bd bién déi CHB con
duogc sir dung rong rai hon ca do c6 kha nang module hoa cao,
d& dang nang mirc cong sudt va dién ap bang viéc ting sb luong
cdu H. Ung dung véi bai toan didu khién dong co IM theo
phuong phép diéu khién tua tir thong FOC ding bo bién dbi
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CHB, céu truc dugc dua ra véi ba bo didu khién tir thong, tde
d6 va dong dién két hop khau diéu ché SVM cho nghich luu
da murc [7-9]. FOC la mot phuong phéap co kha nang tach dong
dién stator thanh hai phan tir ¢ diéu khién tir thong khe ho
khong khi va mémen dién tr mét cach ddc lap. béi véi FOC,
dong co dugc mo ta trong hé truc toa do tur thong stato hodc
roto, do vAy can phai c6 mot phép bién ddi toa do. Bén canh
d6, hidu sut ciia hé thong diéu khién chu yéu duoc diéu chinh
b6i hiéu suit caa vong dong dién bén trong [10]. Nhuoc diém
cua phuong phéap nay la dién &p common-mode cao lam giam
tudi tho dong co [1 1], gay nhidu va ton hao chuyen mach 16n.

Nham tin dung tdi da cac kha nang cua bd bién d6i, bo dicu
khién dy bdo MPC 1a mot phuong an thay thé tot hon ca voi
kha ning t6i wu cac muyc tiéu mong muén dap (rng dong hoc
nhanh va cho phép giai quyet céc van dé phi tuyén [12][13]

Béng viéc dya trén sai sb giita dap tng tin hiéu du béo cua d6i
tugng va tin hi¢u dat tai nhiéu thoi diém trong tuong lai,
phuong phap MPC dugce sir dung rat hidu qua voi cac quy dao
dugc biét trude, nhat 14 véi ing dung diéu khién dong co. Cac
quaé trinh khéi dong, 6n dinh dong co, cac muc ti€éu mong mubn
khac nhau thi bo diéu khién du bao MPC c6 thé d& dang dap
tmg dugc, trong khi d6 viéc sir dung cac phuong phap diéu
khién truyén thong lai khong lam dugc.

Céc nghién ctru cho thdy, Multistep MPC [14] c6 thé cai
thién hiéu suat hé thong khi so sanh véi Single-step MPC [15-
17]. Phuong phap nay c6 nhuoc diém la khi tang ) buorc du
béo (N) va sb mirc ctia bd CHB (m=2n+1, n la s6 cau H méi
pha) thi khong gian tim kiém tin hiéu diéu khién sé ting theo
cép s6 mil, do do6 viéc kiém tra toan bd va so sanh cac trueong
hop 14 diéu bat kha thi vi s6 luong tinh toan 1a qua 16n. Dé giai
quyét van dé nay, thuat toan giai ma cau SDA [18] dugc dé
xudt nham giam sb lwong cac truong hop can kiém tra.

Thuét toan SDA tuan theo chién lugc tim kiém tudn tu
theo chiéu sau, chi khi nao gip truong hop khong théa man thi
b6 qua va dén truong hop ké tiép cho dén truong hop cubdi

S S S

cung. Dbi véi SDA, tuy sb luong trudng hop can phai kiém tra
da giam nhiéu so v6i ban ddu nhung van con kha 16n. Diéu nay
lam cho khdi lugng va thoi gian tinh toan van kha nhiéu, trong
mot s6 truong hop khong thé dap tmg duoc viée md phong
cling nhu trién khai trén thiét bi thyc.

pé giai quyét dugc han ché cia SDA, thuét toan K-best
SDA [19] dugc dé xuat nhu mot giai phap thay thé thich hop.
K-best SDA tuén theo mot chién luge tim kiém song song theo
chiéu ngang khi tim kiém dong thoi cac trudng hop, sau d6 sap
xép chiing dé chon ra truong hop tdi wu va loai di tat ca truong
hop khac. Pap tmg van dé sip xép mot cach nhanh chong,
thudt toan sip xép vdi tén goi 1a Bitonic [20] dwoc st dung.
Mau chét ciia thuat toan nay ciing la viéc sap xép song song
ddng thoi cac truong hop. C6 thé thdy rang, K-best SDA cho
phép giam tdi da sb truong hop can tim kiém trong khi van tbi
wu thoi gian tinh toan do cac qua trinh tinh toan déu thyc hién
song song. Pic biét, thuat toan nay thich hop cho cac hé thong
vi diéu khién System on Chip (SoC), dién hinh nhur FPGA dang
1a xu thé hién nay.

Nghién ciru nay dé xuét thuat toan K-best SDA thay thé
thuat toan SDA truyén thong trong tmg dung hé truyén dong
CHB-IM. N¢i dung cua bai bao s€ dugc trinh bay theo trinh ty
nhu sau. Phan 2 1a mé ta hé truyén dong CHB-IM theo phuong
phap FOC két hop Multistep MPC. Thuét toan K-best SDA véi
thuat toan sap xép Bitonic dugc trinh bay ¢ phan 3, phan 4 s&
1a cac két qua mé phong véi bo nghich luu céu tric CHB 11
mirc, ddng co IM trung thé véi tai quat gio.

2. Bai toin h¢ truyén dong CHB-IM theo
phwong phap FOC két hop Multi-step MPC
cai tién

2.1. CAu tric diéu khién

————

M

\
" o e
sd ~ , , .
~| Thiétké |UK Thuét Bang || YA
> tham chicu Y*[k]' Ham Ju[K] | toan giai Uopi[K] trarll_g | o oI 7N
muc » macau » thai ; >
e v . .
walK] Mo hinh | Uk | ¢ SDﬁlznca‘ d;’;tg | o
dubso [ Y[K]™ \ Al Bl C
\
y —
@l k iagq[K] isanelK] } isaisp | >
| ]
I) - MG hinh tir théng ‘
Rotor 6.[k] |
|

olk]

Trich mau

Hinh 1: Céu trac didu khién dong co IM

Hinh 1 14 c4u trac diéu khién dong co IM két hop bo bién
d6i CHB sir dung phwong phap diéu khién tua tir théng rotor
FOC. Mach vong tde d6 va mach vong tu thdng str dung bo
diéu khién PI truyén théng. Mach vong dong dién st dung bd

diéu khién Multistep MPC cii tién.
2.2. M6 hinh dgng co IM
Dua theo tai lidu [21], cac phuong trinh m6 ta hé thong
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Gl i ding o M G gy [ (T v
4 ! Let ' u. 4 TS 1+sT, "
diy 1 1-o); + o, JL=c Lo, 1 @1 "
a  |oT, of ) o7 Vit Ty Vet e @
Hinh 2: CAu tric mach vong didu khién tir thong
di . 1 1-o0 l-o l-0 . 1 N A A LA
dtq =—w,, _[UTS + oT ]l —Ta)l//m G—Try/rq WLG—I_SUSq 22) Ham truyen h¢ kin:
1
dypg 1. 1 Gy (s) = sTi,, (1+5T,) -
at T, Isd — T, = yrd — (05— o), rq 23) TR &b S @7)
K W @+ STiy/)
dy,, 1. o1 Ham truyén hé kin c6 dang quan tinh bac nhit vai hing
. _Isq - (a)s - a))lr//rd __l//rq 24) £ pparsi £ c o1y . / K
dt T T, so thai gian mong muon T,/, , khi d@6 ta tim dugc cac tham so6
T
3 I—2 . J do b6 didu khién: K __r. T =T
M ==_—my Wi = M === 25 0 dieu Knien: py = ) iy = Ir
M 2 Lr p7 rd'sq w Zp dt (2.5) Tl//
. 2.4, Thiét ké bp diéu khién téc do
Trong do: g ) 3
L L Thuc hién bién doi Laplace (2.5) tim dugc ham truyén
Tg = R_S Ty = R_r - hing s6 thoi gian rotor va stator, gira @ Vvaisq!
s r
2 (s)= o) _3, L e = 2.8)
L , : Cols)= ‘p Js '
o =1——" 13 hé¢ sé tidu tan tong, Isq (S ) 2 Ly Js
S Tuong ty, ta ciing cO cau trlc mach vong toc do:
' ' Yr . " )
Ved = Yrd Wrg = ML : tu thong rotor quy doi trén hé toa  ,° + K +& I 1 I Ez [
Lm Lm 4 po Tiws . 2 P Lr l//rd
do dg (D), i

; Wy : toc do dong co va toc do déng bo (rad/s),

M p : momen dong co phat huy (Nm),

My : momen tai (Nm), z D s0 doi cuc,

J : momen quan tinh quy ddi vé truc dong co (kg.m?).

2.3. Thiét ké bp diéu khién tir thong

Mic du thiét ké hé théng diéu khién so, dé don gian phan
trinh bay, cac mach vong tir thdng va mach vong toc d6 duoc
thiét ké trén mién tan sb. Sau do, cac bo diéu chinh s& dugc
gian doan héa chuyén sang bo diéu chinh sé mét cach phu hop.

Thuyc hién bién di Laplace (2.3) voi Wrq =0 tim duoc

ham truyén gitra /g Va isq:

G _ l//rd (S) _ l
v = = (2.6)
igg(S) 1+sT,
Gia thiét mach vong dong dién qua bo diéu khién MPC 1a
Iy trdng, khau dong dién dugc thay bang khau khuéch dai xap
xi 1 nhu 6 hinh 2 va hinh 3.

Hinh 3: Céu tric mach vong diéu khién tc do

Ham truyén hé kin:
K poKm (1+sTiy)
2
Tipds™ + prKMTin + prKM

Gxa(s) = 2.9)
Str dung phwong phép gan diém cuc véi thoi gian qua do
mong mudn Tse, va do qua diéu chinh Ah = 5% ta tim dugc
cac tham sé bo diéu khién:
6J

K _—
Km Ts06

Ti = 0,33T50

po =

2.5. Thiét ké b diéu khién dong dién

e Tinh toan dién ap phia nghich luu:

Khi cap dién ap Ve vao mdi cell cua bo CHB, thi dién &p
& mdi pha so vé6i diém trung tinh N cua bo bién ddi sé la:

VAN =SaVdc: VBN =SBVdc: Ven = ScVie 210)

V6i Sp;Sg;Sc €—n,n latrang thai mic dién 4p mdi pha.

Dién ap mdi pha so véi diém’trung tinh Z cua tai (hay
ciing chinh 1a dién ap pha cung cap cho stator ctia dong co
IM):
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Vaz =VaN —VzNiVBZ =VBN —VzN:Vcz =VeN —Vzn @D

Dé dam bao dién ap hé théng dién ba pha can bang, thi:

V
VAN +VBN +Ven =0 Vzy =%(SA+SB +Sc)@12)

Tir (2.10)+(2.12) ta tim duoc vector dién ap v = [Vaz, Vsz, Vcz]"
trén hé toa do abc. Sau d6, dung phép bién doi Clarke va Park-

biéu dién vector dién &p v trén hé toa do dq:

{Vd :| ) ZVdc
Vq 3

(65 la goc léch gitra hé tryc dq va hé truc abc).

cos(ds)  cos(fs —2?”) CA +2—”) Sa

. . 2z . 2r
—sin(6s) fsm(asf?) 7sm(95+?) Sc

e M0 hinh hé théng:

Thay Uss = Va; Usq = Vg dugc tinh theo (2.13) vao 2.1) va Y @an ylkl= [y[k +1" yk+2]
Error! Reference source not found.. Sau do viét lai cac
phuong trinh (2.1)+(2.4) dudi dang ma tran va roi rac vai chu
ky lay mau T tai thoi diém k, thu dwoc mé hinh trang thai cua

dong co IM trén mién roi rac:

{ﬂk{uzAﬂH+BuW]

(2.14)
y[k +1] =Cx[k +1]
Vi
- - ' ! T 4
X= |:|sd Isg ¥rd qu} vector bien trang thai,
- - ' ! T 4 2
y= ['sd Isq ¥rd t//qu vector bién dau ra,

u=[S, Ss S ]T vector bién dau vao,

A, B, C la cac ma tran trang thai hé thong.

1_L_1—0' To, Tl—a Tl—a
oly of; ol, o
o, [1_T_l—0'] 1o loo
A= oly oT, c oT;
T T
— 0 -— T(ws-o)
T r
0 T T (w5 - ) -1
L TI’ Tr
2z 2z
cos(&s) cos(Hs—?) cos(95+?) 1000
MVee | o . 2z, 27 0100
B==—-9€|—sin(6;) -sin(fs——) -sin(65+—)|:C=
| s —sin(@s =) —singy+ ) o=
0 0 0 0001
0 0 0

e MO0 hinh du bao:

Sau khi mé hinh hoa hé thdng trén mién gian doan dudi
dang cac ma tran, budc tiép theo ta xay dung bai toan t6i wu
diéu khién du bao da budce bang viéc thiét 1ap cac tin hiéu dau
vao diéu khién va tin hiéu dy bao ddu dudi dang ma tran.
Thuat toan dya vao mo hinh hé théng dé tinh toan chudi tin
hiéu dau vao didu khién U tai thoi diém twong lai sao cho dép

Sg [(2.13)

mg dau ra Y tai thoi diém trich mau twong wng thoa man sai
léch véi tin hiéu dat trudc 12 tdi thiéu. Tai mdi thoi diém trich
mau, chi duy nhit gia tri du tién caa chudi U duoc sir dung
cho bai toan.

Cu thé, vi md hinh du bdo N budc tir budc thir k dén
budc the k+N-1, ta sé co:

Tin hiéu dau vao diéu khién tai thoi diém tha k:

U an gkl = [u[k]T uk+1" .. uk+N-1 (}Tls)
Vi

ulll" =[Salll Sglll Scll]; lekk+N-1
Tin hiéu du bao dau ra tai thoi diém thu k:

:
yik+NT | 1o

Méi lién hé giira Y[K] va U[K]:

Y[k]=I'x[k]+ YU[K] 2.17)
CA CB 0 0 0
CA2 CAB CB 0 0

r= " |Y= .
caN caNg caN-2g ... caB cB

e Ham muc tiéu:

Ham muc tiéu dudi dang binh phuong sai s6 (2.18) giai
quyét 3 van d& [22]:

- Dong dién thuc badm gia tri dat,
- Giam dién ap common-mode,
- T6i wu dong cit.

a1 = VK1Y I, + Ay 001U, + e [sUDK1- utk -2 .15

Trong d6: Acpy trong sé cho myc tiéu giam CMV

Adc trong sb cho muyc tiéu giam s lan dong cat

‘|3 03 - 0 |
-1z I3 03 03
S=[ 03 -3 - Og E=| >
. . : 03 0

103 0 13 gy 31[3N;3]

I 1a ma tran don vi

Céc trong s6 dugc thiét ké dé diéu khién sy can bang gitra
c4c muc tiéu diéu khién va sai s6 dau ra. Trong s cang lon
thi s anh huéng cia muyc tiéu didu khién d6 cang tang. Do d6
tan s6 chuyén mach nho va tén hao ning luong ciing 1a s&
dugc huéng dén. Cha y rang ham Jn[K] 1a dai dién cho muc
tiéu diéu khién tinh tir thoi diém k dén hét thoi diém dy bao
k+N.

e DPua ham muc tiéu v& dang bac 2:
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Ham muc tiéu ¢ (2.18) dwoc bién ddi vé dang (2.19) dé
c6 thé giai bai toan tim nghiém téi uu khong rang budc cua hé
bac hai (Linear Quardratic Regulator - LQR).

JIn[K]=ULk]T WULK] +2F[K]" U[K]+€[k] @19

Trong do:
W =YTY+ 248" S+ Acmy Ian
FIK] =Y IX(K]= YT Y K] - AgeST Eulk —1]— Aepmy U K]
. 2 . 2
#IK] —{rx[k]—Y LK1}, + 2 [Eulk ~13 + 2wy U [k]z}

Tim nghiém Uy (khéng bi rang budc phai thuoc khong
gian vector) sao cho Jy dat gia tri nho nhat bang cach thuc
hién & (2.20).

OIN _
oU

e Chuyén ham muc tiéu vé dang s6 nguyén binh

phuong nho nhat:

0>Uy = —W_lF[k] (2.20)

Vi W la ma tran di xtng va xac dinh duong, ta c6 thé

tim ma tran kha nghich H duy nhat sao cho W = HTH theo
phuong phap Cholesky-Decomposition.

Két hop thay Uy ¢ (2.20) vao (2.19) ta duoc:
= 2
In[KI = [HULK] - HUc [KIJ3 = [HUTKI- Oy K[, - @21

Muc dich cudi cling cua thuat todn Multi-Step MPC la
tim U[K] sao cho Jn[K] tai (2.21) dat gi4 tri nho nhat bang cach
sir dung thuat todn K-best SDA thay thé cho thuat toan SDA
truyén thong. Noi dung nay s& duoc trinh bay & phan 3 dudi
day.

3. Thuat toan K-best SDA

Vén dé tim kiém U[K] c6 thé duoc tim kiém d& dang hon
vé6i ki thuat r& nhanh va rang budc, chang han nhu thuat toan
giai ma cau SDA.

Thay vi sir dung phuong phap tim kiém toan dién s& ton
rat nhiéu thoi gian va tai nguyén cua vi diéu khién, ta c6 thé

dwa vao cac diéu kién dé loai trir bot treong hop khéng mong
mudn cd thé xay ra.
3.1. Ndi dung thuat toan SDA

Hinh 4 thé hién tap cac gia tri caa Jy tao thanh cac elip-
soid trong khdng gian 3 chiéu c6 tam Uy, hinh elipsoid Ién
hon twong ing vai gia tri Iy 16n hon. Tuy nhién viéc S0 sénh
kha kho khan do chung khong c6 ban kinh. Viéc chuyén sang
dang hinh ciu c6 tam Uyc s don gian hon vi khi d6 ta chi
viéc so sanh ban kinh gitta ching.

Hinh 4: M6 ta trong khong gian phép bién dbi
Vé6i mdi dau vao U ¢ (2.15) ta lan luot tinh téng béan kinh
tich lily cua cac khdi cau tuong (ng véi mdi truong hop theo
cbng thic (3.1) (i = 1+3N).

2
2 T _ )
£ =HH[i,l:i]U[l:i,i]—ch[i]H2+,oi_1 (3.1)

Cac dau vao caa U lam cho p min s& 1a giai phap t6i uu
ma bai todn can tim. M3i nit trong Hinh 5 dai dién cho mi
truong hop twong tng ma gia tri dau vao U cé thé c6, mdi 16p
tha i & chira mot nat téi wu.

Thuat toan SDA tim kiém tuan tu dya vao ky thuat r&
nhénh va rang budc (minh hoa Hinh 5a). Qua trinh tim kiém
uu tién chién lugc tim kiém theo chiéu su, khi tim kiém dén
I6p cudi cung thi quay nguoc vé cac I6p trude do va lap lai
quy trinh. Chi khi nao gap nat khéng thoa mén thi méi bo qua
cac truong hop phia sau no, diéu ndy s& lam gia tang s6 nat
can kiém tra mot cach nhanh chéong khi bai toan tro nén phirc
tap hon. Dén khi hoan thanh qué trinh tim kiém thi giai phap
t6i wu & mdi 16p thtr | méi dugce xac dinh cy thé.

Hinh 5: Minh hoa sy khac nhau giira tim kiém ndt diing SDA thudng (a) va K-best SDA bing so db cay (b)

So do cay ¢ nhéanh -1 cho trirong hop N=1, kc=1, 1 cell méi pha. Cac nit mau hong la gigi phap tim thdy khong t6i wu, mdu cam la cdc
nit b logi kéo theo céc ndt mau xam sé khéng duroc kiém tra con mau xanh 14 1a gidi phap tdi wu can tim. C6 thé thdy véi SDA thwong can
t6i 11 buedc tinh todn dé tim ra gidi phap téi wu, trong khi K-best SDA cdn 3 buréc d@é tim ra két qud neong tur.
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3.2. Thuat toan K-best SDA

Dé giai quyét van dé sb nat can kiém tra qua lon, thuat
toan K-best SDA duoc sir dung thay thé cho thuat toan SDA
truyén théng. Khac véi SDA, thuat toan K-best SDA tim kiém
song song, qua trinh tim kiém wu tién chién lugc tim kiém
theo chiéu rong (Hinh 5b).

Trong lop thir i, kb nut duge danh gia dong thoi theo
(3.1). Budc tiép theo, sap xép cac gid tri p; vira tinh theo thir
tu tang dan, sau d6 chon ra ke nit & 16p i twong wng lam cho
£i Nho nhit. Véi ke ndt nay s& mé rong cho lop i+1. Tiép tuc

lai danh gia cac nut dugc mo rong ¢ I6p i+1 theo (3.1). Qué
trinh nay lap lai twong tu cho dén khi hét 16p cudi cing (tiic
i=3N) thi cap nhat dau vao téi uu U = Ugy Va thuat toan két
thic. C6 thé thay rang, sau mdi 16p i di tim ra dwoc ke nat
chura giai phép t6i wu & 16p thir i 46, didu nay s& loai bo duoc
mot s6 lugng 16n cac ndt can kiém tra & céc 16p phia sau.

Mot diém dic biét cua thuat toan K-best SDA 12 56 lugng
nat can kiém tra ta c6 thé xac dinh dugc trude tly vao viéc
chon gia tri kb, kc va s6 luong niit nay khong thay ddi khi dir
liéu bai toan khac nhau. Biéu nay s& gitp ngudi lap trinh c6
thé kiém soét thoi gian thuc hién cua thuat toan trén vi diéu
khién mot cach tdi wu. Hinh 6 1a lwu d6 thuat toan K-best SDA
thuc hién trén vi diéu khién.

»
»
A

y
Ucana(i,2) = K()
j=1->m
Tinh Ucang(3N+1,j)=p?
theo (3.1)

v

Sép Xép Ucand
i =i+l
Hau X{I 1}’/ Ucand

<>

b

Uogpt = Ucana(1:3N,1)

\ 4

Hinh 6: Luu dd thut toan K-best SDA

Mang K dai dién cho cac mirc dién &p c6 thé c6 cua mdi pha
(vi du bg CHB 11 mizc thi K = [-5,-4,-3,-2,-1,0,1,2,3,4,5]).

Dé thuan loi cho viéc 1ap trinh, mot ma tran Ucang kich thudc
[3N+1,kb“m] c6 vai tro luu gitt cac dau vao tim kiém ¢ hang
1:3N, hang 3N+1 luu gi tri dugc tinh ¢ (3.2).

Ugang BN +1 J) =[ H(.L:1)Ugang (-1, )~ Oue) |* + Ugana BN +1.3) (3.2)

Sau qua trinh tinh toan & mdi 1op i két thic, hang 3N+1 cua
ma tran Ucang duroc sap xép tang dan kéo theo trat ty sap xép
clia cac dau vao & cac hang phia trén. Chon ra ke ndt (titc cét
1:kc cua Ucang) Va thuc hién hau xi ly. Hau xu ly la viéc nhan
m lan cot 1:kc dé giir lai gié tri dau vao cua U & 16p i sau do
bat ddu kiém tra cac nat & 16p i+1, qué trinh dién ra tuong ty
dén hét 16p i = 3N. Cubi cung, thu dugc giai phap ti wu Ugp
& cot thir nhat caa ma tran Ucang, sau d6 thong qua bang trang
thai dong cat cua cac van béan din tao thanh xung tin hi¢u dicu
khién cho bg bién doi.

e Thuat toan sip xép Bitonic

Loi thé cua K-best SDA 1a sir dung tinh toan song song
cho viéc sdp xép ma tran Ucang (thuc chat 12 sip xép mang) dé
tim ra trudng hop téi wu nhat. Hién nay c6 rat nhiéu cac thuat
toan tim kiém song song nhu: Quick Sort, Merger Sort, Buble
Sort, Radix Sort,... Xét trén phuong dién sip xép vai s6 luong
phan tr nho hon 15 bit bo nh¢ thi thuat ton Bitonic van phu
hop hon ca [20]. Thuat todn Bitonic s¢ dugc st dung trong
nghién ctu ndy. Hinh 7 1a luu d6 trién khai thuat toan Bitonic,
trong do:

- RFig, SFig dong vai tro la cdc co phuc vu cho cac cap
so sanh.

- ADR1, ADR2 (ADR1,ADR2=0:M-1) la cdc dja chi xac
dinh dé tao thanh cgp so sanh phan ti trong mang A.

- K1, K2 1a cac mang trung gian dé luu cdc cap gié tri
s0 sanh ¢.

- (r=1+k) , id (id=0+M/2-1), d & céc chi so.

Vé co ban thuat toan nay s& chia mang A (M phan ti#)
thanh M/2 cap, so sanh ching ddng thoi sau dé sip xép va
cap nhat lai theo mot quy luat nhat dinh. Két thic mot s6 chu
ky xtr 1y, ta thu dugc mang A duoc sap xép tang dan.

Vi du mot mang c6 M = 2% phan tir thi:

- S6 budce thuc hién: k™ (k+1)/2

- S6 bo so sanh can cho mdi budc: M/2

- S6 bo nhé ding chung: 27k (k+1)

Trong truong hgp M khéng phai liiy thira cua 2 thi ta chon s6
phan tir M 12 lity thira nho nhét cia 2 va 16n hon M, s bd so
séanh van 1a M/2.

Hinh 8 minh hoa truc quan cho qua trinh sap xép sir dung
thuat toan Bitonic véi mang A=[6,1,4,0,7,5,2,3] gém 8 phan
tir theo thir tu tang dan.
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Bang 1. Thong s6 dong co
Khot tao 2 S .
Alag, au,..., awa] o Tham so Giatri Don vi
r=1id=0;d=0 E A < . .
K1, K2: array float 5 Cong suat dinh mac Pan 1119 kw
. v
RE.SF: pootean 3 Pién 4p dinh mac Ugn 3300 Vv
g Tan sé dinh muc fan 50 Hz
Téc d6 dinh mac nam 1470 vong/pht
Momen dinh mic Man 6906 Nm
RFig=True
Dong dién dinh muc igm 234.18 A
Swap Klid & K2id ; N .
RFiq=False Bang 2. Thong s6 mach luc va bo diéu khién
< v Tham sé Giatri Pon vi
y AJADR1] = Klig
Sgid_—;fad A[ADR?2] = K2 bién ap Vac 600 \%
Tén s6 trich mau 20 kHz
| r=r+1| N , . kpw= 30
Théng s6 b PI toc do ---
kiw= 800
N . kpw =100
Qs {d Jd’R“’ =1d-Qq Thong s6 bg PI tir théng P
ADRL=2Q, + R ; K1, = AlADRL] ® kiz =5
ADR2=2Q, +R, +d;K2, = AJADR2]
l@ Bang 3. Kich ban mé phong
Hinh 7: Luu dé thuat toan sip xép Bitonic Time (5) 0-0,5 051 112 | 12-14 | 1416
6 14 1 01 01 0 | 0
— : ‘ ‘ ‘ ‘ A 0 0 0 0 5
AL NP R AP R o
o — N — K — N\ 2 Adc 0 0 0 5 5
0| —10 | 6 | ‘ 2 | ;
— ; + ; TR+ ! + ; +[s Téc dé dat(vlp) | 0 0+1470 | 1470 | 1470 | 1470
7 5 ] 5 | ‘ | 4] 4
s+ =k |\ X [+t i3 i ' :

; ; | 3 | 4.1. Kiém tra tinh kha thi caa thuat toan
2PNV | N 6 L 7
al—fi |—li =Lt |46 + L+ bé kiém kiém tra xem thuat toan méi cd thé dugc su

Step 1 i Step 2 i Step 3 i Step 4 i Step 5 i Step 6 dl;lng thay thé cho thuat toan cii hay khong thi ta so sanh cac
e=min(xy) x| *=max(x,y) két qua gitra 2 thuat todn véi muc dich 1a giai quyét duoc 3
=+ [Cr=maxtey) v | = [w=min(xy) yéu cau ma ham muc tiéu dua ra.

Hinh 8: Minh hoa thuét toan Bitonic sip xép véi mang 8 phan tir

4. Két qua md phéng

Viéc md phong dugc trién khai trén phan mém
Matlab/Simulink véi d6i twong la bd nghich luu cu tric CHB
11 mie, dong co IM trung thé, tai quat gi6. Cac thong sé mo
phong dugc thé hién trong Bang 1 va Bang 2.

Kich ban mé phong véi cac giai doan tir héa dong co,
tang toc dong co, thay ddi trong s6 giam CMV va trong s6 tdi
wu dong cit dugc thé hién trong Bang 3.

Xét trong truong hop sb budce dy béo N = 2, ta kiém tra
céc két qua trong trudng hop thay doi cac trong sé. Hinh 9 thé
hién rd duoc vai trd cua trong s6 giam CMV, cuy thé tir thoi
diém 1,4(s), gia tri CMV dugc giam dén gia tri 1y tuong va
bang +1/3Vc giéng voi két qua o thuat todn thong thuong.

2000
1000 |
< 9 —
=
5 -1000
-2000 - - . 1
Aoy =04 =0 | Aoy = 0; A =5 | Aowy =9 A =5
-3000 r- : > :
1 1.1 1.2 1.3 1.4 1.5 1.6

Time (s)

Hinh 9: Dién 4p CMV khi thay ddi céc trong sb
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Twong ty, xét dén gia tri THD cua dong dién stator va sé
Ian chuyén trang thai trung binh (chinh 12 s6 lan déng cét trung
binh) & nhiing khoang thoi gian thay ddi trong sé dugc thé
hién ¢ Bang 4.

Bing 4. So sanh céc két qua gitra SDA cii va K-best SDA

Time (s) 112 | 1214 | 1416
SDA cii 045 062 0,69
THD (%)
K-best SDA | 044 056 0,69
S4 lan thay doi SDA cii 326 23 2,64

trang thai trung
binh (lan/chu
ky)

K-best SDA 3,27 221 247

Nhan thiy trong ciing diéu kién nhu nhau, thuét toan K-
best SDA cho ra két qua twong dwong v6i SDA cii, tham chi
mot vai truang hop con cho két qua tét hon. Do dé, ¢ thé su
dung thuat toan K-best SDA nhu mot giai phéap thay thé cho
thuat toan SDA truyén théng.

4.2. Panh gia higu suat cha thuat toan
e  So sanh véi Single-Step MPC:

Viéc sir dung bo diéu khién Multi-Step MPC trong mach
vong dong dién gop phan cai thién hiéu suét hé thong so véi
Single-Step MPC bang céc két qua kiém nghiém dudéi day:

200 ——i_sd_ref
z 150 ——l —isd
‘E 100 ! =
3 s0
0
0 0.5 1 15

Time (s)

Hinh 10: Bap tng dong dién truc d (tai N=2)

300

Current (A)
8
(=]

—
o
(=]

(=]

0 0.5 1 1.5
Time (s)
Hinh 11: Bap tmg dong dién truc q (tai N=2)

Dbap tng dong dién truc d va g bdm kha sat gia tri dat, tuy
nhién van con ton tai sai léch Ién do sai léch md hinh va qué
trinh tinh toan. Hinh 12, Hinh 13 cho ta thiy duoc viéc ting
s6 budc du bao ¢ thé 1am giam thiéu sai léch do:

125
2l
£ 115 N
E' " \‘\
Z 105 q‘\
10 ‘% R
95 ®--0-0-9

2 3 4 5 6 7
Sé buée duw bao (N)

-

Hinh 12: Sai léch dap tmg dong dién truc d

3!

\ - #» -sai léch isg

1
?2.5 \
= \
— 1
= '
& 20
—_ A
[ "

~
D15 .
‘-"'"'-.__
b LICE S

1 2 3 4 5 6 7
Sé budc dy bao (N)

Hinh 13: Sai léch dap (g dong dién truc g

Khi N tang thi sai léch giam dang ké, tuy nhién véi N>7
thi viéc giam thiéu sai léch khong con dwoc hiéu qua. Viéc
tang sd budc du bao ciing cho két qua vé THD dong dién sta-
tor dugc cai thién (Hinh 14), khi N>6 thi viéc cai thien THD
khong con dugc hiéu qua.

0.5

1 2 3 4 5 6
Sb buéc dy bao (N)

Hinh 14: Gia tri THD khi ting sb budc dy bao

e So sanh voi SDA truyén théng:

O phan 4.1, cac két qua giira hai thuat toan K-best SDA
va SDA dugc xem la giéng nhau, tiép tuc so sanh vé khdi
lugng tinh toan va thoi gian tinh toén gitra chiing. Khi N tang,
s6 luong nat kiém tra 1on nhat trong mdi 1an tim kiém giita
thuat todn SDA cii va K-best SDA duogc cho trong Bang 5.

Bang 5. So sénh sb luong ndt kiém tra

N 1 2 3 4 5 10

SDA cii 803 | 29381 | 287078 | 4769662
K-best

SDA 55 121 187 253 319 649
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C6 thé thy khi tang sé budc du bao thi sb lwong nit can
kiém tra ¢ thuat toan SDA cii tang 1én nhanh chong. O thuat
toan K-best SDA thi s6 lugng nut tang kha cham va sb luong
nat 1a cé dinh (kha nho so vai SDA) bat ké 1a dit liéu bai toan
khac nhau. Biéu nay 1am cho téc do tinh toan cia mach vong
dong dién tré nén nhanh hon so vdi phuong phap cii, minh
chting ¢ Hinh 15 dudi day:

300 ?
f - # -K-best SDA
- & - SDA thurdng

el
4]
(=]

[x)
(=
o

Thoi gian (phut)
@
(=]

100 ,
'
50 yui PR |
0 -.-.,-"".--.-“
01 2 3 4 5 6 7 8 9 10

S6 buére du bao (N)
Hinh 15: So s&nh thoi gian mo phong

Hinh 15 so sanh twong quan vé thoi gian md phong cua
hai thuat toan. D6i v6i thuat toan SDA truyén thong, khi sé
budc N>4 thi may tinh khong thé mé phong duoc, trong khi
do6 & thuat toan mai van dap tmg duoc khi s6 budc dy bdo ting
Ién N>10. Uu thé nay sé giai quyét dwoc van dé ma thuat toan
SDA théng thuong da gap phai trude day.

4.3. Kiém tra tinh chinh xac cta ciu tric diéu khién

Sau khi kiém nghiém duoc tinh chinh x&c caa mach vong
dong dién khi sir dung thuat toan mai, viéc cudi ciing can lam
Ia ta kiém tra tinh ding dan cta ciu trac diéu khién.

1500 =
14705
= L ——speed_ref 14 mw,ﬂmm,m
5 1000
; 14695
A
o 500
w 1469 156 158 16

0 0.5 1 1.5
Time (s)

Hinh 16: Pap tng téc do dong co

8
7.635
6 |_|=—phi_rd"_ref
g —phi_rd' 7.63 S
= 4 7.825
=
. 2 7.62
1.56 1.58 1.8
0
0 0.5 1 1.5

Time (s)

Hinh 17: Bap ting tur théng

7106

7000
——momen_ref
——momen

6900

6800
1.56 1.58 18

Momen (Nm)

0 0.5 1 1.5
Time (s)

Hinh 18: Bap (tng momen

Vi du trudong hop sé budc du bao N = 2 cd thé thay céac
két qua vé dap tng tdc do (Hinh 16), dap Gng tir théng (Hinh
17) va dap tng momen (Hinh 18) hoan toan giai quyét dwoc
y&u cau bai toan dit ra. Cac dai luong thuc déu bam tét theo
c4cC gia tri dat. Vi vay, ciu triic didu khién dugc dé xuat dap
ung duogc tinh chinh x4c.

5. Kétluan

Bai bao dé xuat thuat toan tim kiém mai K-best SDA sit
dung thay thé cho thudt toan SDA truyén théng trong phuong
phap diéu khién Multi-step MPC. Ap dung cu thé cho bai toan
diéu khién dong co IM sir dung bd bién d6i CHB di cho ra két
qua tuong tw. Ngoai viéc dap img yéu cau ciia bai toan, K-best
SDA c6 nhiing lgi thé hon khi giam s6 luong tinh toan. Bén
canh d6, thoi gian tinh toan giam dang ké khi bai toan trd nén
phtc tap hon va diéu dic biét 1a n6 rat phu hop cho cc nén
tang tinh toan song song (vi du FPGA). Vi vay, day la giai
phap tiém ning thay thé thuat toan cii, khi ma thuét toan cii
van dang gip kho khin trong qua trinh trién khai trén cac nén
tang xu ly.
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Abstract

Before starting, the initial rotor position is required in permanent magnet synchronous motors (PMSM). High Frequency Injection (HFI) is a
common method for initial position estimation. However, the conventional HFI method is only applicable to the interior permanent magnet
synchronous motors (IPMSM) because of the significantly different d-axis and g-axis inductance characteristics. Meanwhile, for the surface-
mounted permanent magnet synchronous motors (SPMSM), this difference is not significant. To solve this problem, Short Pulses Injection
(SPI) uses series pulses that cause an Inductance Saturation Effect and then considers the feedback currents to estimate the rotor position. The
disadvantages of this method are that the estimation time depends on the current response speed as well as requires the motor to be at the
saturation boundary to ensure an apparent saturation effect. This paper proposes a combined method based on these two methods. Initially,
the position of the sector containing the d axis vector is determined by SPI. Then, injecting a voltage vector causes inductance saturation
creating a significant difference between L_d and L_q (this vector position is at the middle of the sector determined in the former stage). At
the same time, HFI estimates the initial rotor position. To verify the method, a model established from a ceiling fan motor is simulated by
ANSYS MAXWELL and MATLAB SIMULINK. Compared with existing methods, this method offers better accuracy and speed and is
suitable for applications with large moments of inertia, such as ceiling fans.

Keywords: High-frequency injection, Inductance saturation effect, Initial position, Short-pulses injection, Surface-mounted

permanent magnet synchronous motor

Tém tit

Théng tin vi tri ban dau cua rotor trong dong co ddng bd nam chim
vinh ciru (PMSM) cén ¢6 duge trude khi khoi dong. High Frequency
Injection (HFI) 1a phuong phép phd bién dé u6c lugng vi tri ban dau.
Tuy nhién phwong phap HFI truyén thdng chi phti hop cho dong co
nam cham 4n trong rotor (IPMSM) do c6 dic diém dién cam truc d
va truc q khac nhau dang ké. Trong khi d6, loai dong co nam cham
gin bé mit rotor (SPMSM) thi su khac biét nay la khong dang ké. Dé
giai quyét vén d& nay, Short Pulses Injection (SPI) sir dung cac chudi
xung nbi tiép gdy ra hiéu umg bdo hoa dién cam (Inductance
Saturation Effect) sau d6 duwa trén cac dong dién phan hdi dé udc
lwong vi tri rotor. Nhuoe diém ctia phuong phap nay 1a thoi gian wéc
lwong phu thude vao tbe do phan hdi dong dién ciing nhu doi hoi
dong co phai & bién giGi bio hoa dé dam bao hiéu tmg bio hoa 15 rét.
Bai bao nay d& xuat phuong phéap két hop ca hai phuong phap trén.
Ban dAu, vi tri sector chtra vector truc d ctia nam cham rotor dugc
xéc dinh boi SPL. Sau d6 dua vao stator mot vector dién ap V nim &
chinh giita sector d4 xac dinh dé gay sw chénh léch dién cam trén hai
truc dq, khi d6 HFI dugc st dung dé uée Iwong vi tri rotor. Pé kiém
tra hidu qua, phuong phap dugc thyc hién bing mé phong ANSYS
MAXWELL va MATLAB SIMULINK dua trén m6 hinh dugc mo
hinh héa tir dong co quat tran. So sanh véi mot s nghién ciru, phuong
phép nay dem lai su chinh xac, nhanh chéng va thich hgp véi cac tmg
dung c6 momen quan tinh 16n nhu quat tran.

1. Giéi thi¢u

Pong co dong bo nam cham vinh ctru da dugc ing dung
rong rdi va thay the dan dong co khong dong bo truyén thong
trong vai thap ki gan ddy. Loai dong co nay ¢ nhung vu diém
chinh nhu cu tao don gian, Chl phi thap, hiéu suat, do tin cay
cao. Trong cac ng dung yéu cau hiéu suit cao hoic diéu khién
truc tiép momen cic phuong phap diéu khién vector truyén
thdng thuong dugc sir dung nhu FOC (Field oriented control)
hay DTC (Direct torque control) [1] [2]. Tuy nhién khi hoat
dong ching yéu cau thong tin chinh xac vé vi tri cua rotor, do
d6 di kém véi bo diéu khién thuong 1a cac cam bién vi tri duoc
gan 1én dong co nhu Hall sensor hay Encorder. Diéu nay lam
gia ting gi4 thanh ciing nhu giam do tin cay cua hé théng,
dong thoi trong nhitng wng dung yéu cau chinh xac cao, do
phan giai thip cua Encorder hay Hall sensor gy ra nhitng han
ché nhat dinh. Tur day, nhiing phuong phép wdc lugng vi tri
khong dung cam bién di dugc nghién ctru va tng dung.

C6 thé chia linh vyc ndy dua trén rai toc d6 hoat dong cua
dong co. Tht nhit, & rai tc d6 trung binh va cao, cac phuong
phap udc lugng vi tri dua trén sic phan dién dong Back EMF
thuong dugc st dung va da dugc ung dung rong rai nhu
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Sliding Mode Observer (SMO) [3]. Ngoai ra c6 mét sb
phuong phap khac nhu, bg loc mo rong Kalman (EKF) [4] hay
bo quan sat thich nghi (MRAS) [5]. Thir hai, khi ding yén va
& toc do thap, cac phuong phap ude luong vi tri thuong dya
trén dac tinh 1i cua dong co (dic diém lam cho dién cam truc
d va truc q khac nhau dang ké&). Mot vai phuong phap phd
bién la High Frequency Injection (HFI), Inductance Tracking
Method (ITM). Phuong phap HFI truyén théng thuong dua tin
hiéu dién 4p cao tan vao truc d hoic g cua hé dq uée luong
sau d6 thong tin sai sb Vi tri dugc chira trong cac dong dién
trén hé truc nay. Trong [6] tin hiéu tan s6 cao duoc dua vao hé
truc af8 dimg yén, dong dién phan hoi trén hai truc nay mang
thong tin vi tri cua rotor dugc trich xuit ra dé xu ly, dua vao
vong diéu khién. Trong [7] dién &p tan sé cao duoc dua vao
hé truc dq quay, dong dién mang thong tin vi tri dugc quan
sét & tryc alpha cua hé dung yén. Tuy nhién, dic tinh 15i
thuong rd rét & dong co IPMSM, con ¢ dong co SPMSM thi
dac tinh nay khong rd rét. Do d6 cac ky thuat wéc lugng van
con ton tai mot s han ché ddi vai loai dong co nay.

Khi khai dong, théng tin vi tri ban dau rotor can phai xac
dinh truge dé dam bao khoi dong thanh cong, dac biét déi véi
céc chién Iuge diéu khién vector nhu FOC hay DTC. Théng
thudng c6 hai budc chinh dé thyuc hién viéc nay. Pau tién thyc
hién wéc lugng vi tri ban dau (thuong tir 0 dén 7) , sau d6 xac
dinh cuc tinh cua rotor dé xac dinh vi tri chinh xac Ia thuoc 0
dén 7 hay  dén 2n dé dam bao dong co khong bi khoi dong
nguoc. Thong tin vi tri ban dau dugc xac dinh theo High
Frequency Injection [8], [9], [10], [11], [12] thuong doi hoi
dic tinh dién cam truc d va truc g khac nhau dang ké. Sau d6
thong tin vé cuc tir ¢6 thé duge xac dinh boi mot sé phuong
phéap nhu sir dung hiéu ttng béo hoa [9], [12] hay phuong phap
song hai bac 2 [8]. Trong khi @6, phuong phap SPI [13] thuc
hién dwa chudi xung ndi tiép & cac vi tri khac nhau dé co thé
wée lwong vi tri chinh xac cua rotor ma khong can phai thyuc
hién budc xac dinh cuc tinh, tuy nhién do chinh xac cua
phwong phap phu thudc vao d6 phan giai cua cam bién dong
dién. P9 chinh xac két qua cang cao thi cam bién dong dién
phai cang chinh xac. Hon ntta, d§ chinh xac cao con doi hai
dua nhiéu xung dién ap hon do d6 thoi gian xir ly s& cham hon.
Ngoai ra, ddi voi dong co SPMSM, dac tinh dién cam truc d
va truc g khac nhau khong dang ké lam viéc wéc lwong vi tri
tré nén kho khan. Vi du trong [8], [13] thuc hién ude lugng vi
tri ban dau cho dong co SPMSM nhung diéu kién 1a mach tir
dong co dugc thiét ké ¢ bién gidi bio hoa dé dam bao hiéu
ung bdo hoa dién cam rd rét khi dua tin hiéu kich thich vao.
R rang day 1a diéu kién kho dé &p dung trong thuc té.

Dé thyc hién udce lugng Vi tri ban dau cho dong co SPMSM
g dung trong quat tran, bai bao nay dé xuit ung dung két
hop hai phuong phap SPI va HFI nhu mé hinh & Hinh 1. Ban
dau, vi trf sector chtra vector truc d duoc xac dinh theo SPI.
Sau d6 dua mot vector dién ap V vao stator (nam chinh giira
sector chura vector d da xac dinh boi SPI) gay ra hiéu (ing béo
hoa dién cam va sy chénh Iéch gitra dién cam truc d, truc q.
Khi do6 &p dung uéc lugng vi tri rotor chinh xac dua trén HFI.

Dé kiém tra higu qua, phuong phap duge thuc hién bang
md phéng 3D FEM ANSYS MAXWELL va MATLAB
SIMULINK dya trén m6 hinh dong co dugc moé hinh hoa tir
mot dong co quat tran thyc té. Két qua cho thay wu diém cia
phuong phap 1a khong can didu kién chat ché rang mach tir

cua dong co phai & bién gidi bdo hoa. Tuy nhién, phuong phap
nay thich hgp cho céc (ing dung ¢ momen quan tinh I6n nhu

quat tran dé tranh sy dich chuyén qua muc cua rotor.
Vector
Vs

Vi tri sector
chira vector d

Sw chénh léch
Ly Lg

Vi tri chinh
xic vector d

Hinh 1. Mb hinh téng quét két hop hai phuong phap SPI va HFI

2. Mb hinh dong co dong bd nam cham vinh
ciru

2.1. Mb hinh toan hec

Dé don gian hoa céc gia thiét duge dua ra bao gom: phéan
bd tir truong trong khong gian hinh sin, dong dién xody va ton
hao tir tré duoc bé qua. Cac phuong trinh dong co trong hé toa
d6 dq dwoc biéu didn nhu sau:

Phuong trinh tir thong:
Vg = Laig + ¢ )
Vg = Lgiq
Phuong trinh can bang dién &p:
, dig .
Ug = Rgig + Ly ar pwpyLgig
it 2)
uq = Rsiq + Lq E + p(l)deid + p(l)mlpf
Phuong trinh momen dién tu:
T, = 1,5p[siy + (Lg — Ly)iai,] ®)

Trong do:
Ug, Uq, ig, lg, La, Lg, Ya, Pq - dién ap, dong dién,
dién cam va tu théng trong hé truc dq.
R,y dién trd mot pha day quén va tir thdng moc
vong mét cuc cua nam cham khi khong cé dong dién stator
D, Wy SO ddi cuc va te do co rotor.
Khi dong co dung yén hodc ¢ téc do thap, bo qua w,,.
Phuong trinh dién ap duoc biéu dién:
) dig
Uy = Rsig +Lg—
e ()
dig
= Riig + 1L, d
2.2. Hiéu @ng bao hoa dién cam

Trong dong co SPMSM, do cau triic rotor 1a dang hudng
vé mat tir tro nén dién cam day quan trén hai truc dq 1a xap xi
nhau. Biéu nay gy ra kho khan cho viéc udc lugng vi tri.

2.2.1. Stator gan ngwong bio hoa

Diéu kién dong co gin ngudng bao hoa xay ra khi tir thong
¥ cuanam cham lam mat d6 tir thdng cta thép stator gan bién
gidi bao hoa. Do do6 tir truong stator trén truc d s€ c6 anh
huong lon dén dién cam L,. Trong Hinh 2, iy la dong dién
Kich tir twrong duong cua nam cham vinh ciru, ¥ la tir thdng
moéc vong twong dwong sinh ra bai nam cham. R& rang, néu
dong dién kich thich i, stator cung chiéu véi dong dién kich
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tir nam cham i, khi d6 dong dién kich thich tong 1a iy + i,.
Tir trudng tong duoc gia ting toi Y4, gay ra bdo hoa trén truc
d, dién cam L, giam xudng Lg;.

Wb

\Pl'l
¥, S35

'
[ saturation
'

Ynl-

!
' non-saturation
'

(A)

i-ig i gty
Hinh 2. Budng dac tinh cua tr truong trén truc d
Wb

Wy [

g} +ill \

———— _\fE——b saturation

Hinh 3. bic tinh cua tu truong trén truc q

Nguoc lai néu dong dién kich thich i, cua stator ngugc chiéu
véi dong dién kich tir nam cham i, thi dong dién kich thich
tong 1a iy — ig. Tir trudng téng giam xudng ¥, & viing khong
bao hoa, dién cam L, khong thay dbi hay L, = Lg. Do d6 co
thé thiy Ly, < Lgy = Lg.

Sy thay doi cuia tir truong trén truc q dugc biéu dién ¢ Hinh
3. Trén truc q khong xuat hién tir thong nam cham Y nén sy
thay ddi gia tri dién cam khi béo hoa L, dbi xting qua géc 0,
dodo Ly =Ly <Lg.

2.2.2. Stator xa ngwong bdo hoa

O mét s6 tng dung sir dung nam cham cé mat do tir du
thap, thép stator & xa ngudng bdo hoa. Lic nay, dé thu duoc
hiéu tmg bao hoa dién cam, dong dién kich thich phai l6n dé
sinh ra nhiéu tir thong hon. Truong hop nay duoc minh hoa
nhu Hinh 4. Khi dong dién kich thich i, cing chiéu véi i,
dong dién tong 1a iy +if, hién tuong bdo hoa trén truc d xay
ra, dién cam giam xudng Lg;. Tuy nhién khdng giéng nhu
trudng hop stator gan ngudng bdo hoa, khi iy nguoc chiéu i,
bién d6 iy 16n hon nhidu i nén dong dién tong —iy + iy
nguoc chiéu véi truc d va 1am truc d bi bio hoa theo huéng
nguoc lai, dién cam giam xudéng Ly, < Lg.

C6 thé thay ca hai dong dién kich thich theo hai huéng cua
truc d déu gay ra bao hoa va lam dién cam L, giam, tuy nhién
khi i, cung chiéu i; s& sinh ra tong tir thdng lén hon, do d6 cé
thé thay Ly, < Lgp < Lg.

3. Nguyén ly co bian cac phwong phap wéc
lwgng vi tri ban dau

3.1. Phwong phap Short pluses injection

Sau khi dat mot vector dién ap V; vao stator dong co trong
hé truc dgq nhu Hinh 5 thi dong dién phan héi i,,; dugc sinh ra.
Qua trinh xac 1ap ctua dong dién nay phu thudc chat ché vao
hang sb thoi gian L/R cua day quan. Tai suon xung xubng cua

Wb
Yy fe-es
\r non-saturation
me '
P\ @
Ip=lg s I i d\
H / saturation
F1¥e

Hinh 5. Quan hé truc dq thuc, vector dién ap V; va vector dong dién phan

héi i,_;
Vi!ivi
V.
Vil '
ivi—max / ivi
0 ty 4 ty

Hinh 6. Dang séng cua dién 4p dit va dong dién phan hdi

dién ap V;, thu duoc gia tri dong dién i,;_q, nhu Hinh 6.

Nhu di dé cap o trén, truc d nam cham 1a noi xay ra hién
tugng bdo hoa dién cam manh mé nhit bai c6 su xuét hién cua
tir thdng nam cham, trong khi truc g khdng c6 thanh phan nay.
Do @6, khi mét vector dién ap V; du 16n dugc dua vao triung
phuong va huéng véi truc d nam cham, hiéu ing bao hoa dién
cam & vi tri ndy xay ra manh mé nhat, dién cam L, nho nhét
va thu duoC gi tri iy;_mq, 16N Nhat.

Két qua 1a néu dwa 1an luot cac vector dién ap nbi tiép V; —
¥, c6 cling bién do va d6 rong xung, dong thoi do cac dap tng
dong dién twong Gng i,; thi ¢6 thé thu duoc vi tri truc d nam
cham tuong ung vi tri vector dién &p V; gay ra iy;_mqx 12 16N
nhat. Day chinh 1a nguyén 1y co ban ciia viéc udc lugng vi tri
ban dau theo phuong phap SPIL

3.2. Phwong phap High Frequency Injection
3.2.1. Nguyén ly ciia phwong phap

Quan hé gitra cac hé truc quay dq thuc, dq udc luong va
hé truc dimg yén ap duoc biéu dién nhu Hinh 7:
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Hinh 7. Quan hé gitta ba hé truc toa do

Trong d6 6, 6, A6 1a géc rotor thuyc, goc rotor udc lugng va
sai léch gitta goc udce lugng va goc thuc.

Khi dwa dién 4p cao tan vao stator, phuong trinh dién ap
(4) duoc biéu dién:

Ugn = Lg ar
a, (5)
tan = La g

Trong d6 Ugp, Ugn, Lan, ign 12 diéN &p va dong dién cao tan
trén hé dg
Tin hiéu dién &p cao tan dugc dwa vao hé dg udc luong
c6 dang:
Zdh : (l)]hCOS (wpt) (6)
qh
Véi Uy, wy, 12 bién d6, tan s6 cua dién &p cao tan
Theo Hinh 7, quan hé gitra cac dai lugng trén truc dq thuc
va dq udce luong:
fd] _ [ cosAB sinAf fa
fq —sinA8  cosABl|f,

Thuc hién chuyén toa do, dién ap cao tan trén truc dq thyc:

(")

Ugp, = Uy cos(wyt) cosAB

Ugn = — Uy cos(wpt) sinAb (8)
Dong dién cao tan trén truc dgq thuc:
Uy, sin(wyt) cosAO
lan = wnlLy
] —Uy, sin(wpt) sinAf ©)
fan = wyLyg

Thuc hién chuyén toa do, dong dién cao tan phan hdi thu
dugc trén hé dg wdc luong c6 dang

idh = Sin(wht)[ia,,g + idifCOS (ZAQ)]

10
tgn = sin(wpt)[igissin (240)] (10)
Véi:
i Unltgtla) o Un(lq=La)
W9 T 2wpLalq T W T 2wpLglg

lsin(wht)
Sy s LpR % pr S

Hinh 8. Quy trinh xir ly tin hiéu

. ~Winding
_ /- Permanent magnet

Hinh 9. Cu trac dong co
Tir phuong trinh (10) ¢6 thé thay dong dién phan hdi i4y,
ludn ludn cé thanh phan khong phu thudc vao sai sb vi tri A6.
Nguoc lai dong dién i, chi c6 thanh phan mang thong tin sai
s vi tri AB. RO rang néu AG = 0, dong dién i,, = 0. Pay la
nguyén ly caa phuong phap High Frequency Injection.

3.2.2. Udc luwong vi tri

Quy trinh xtt ly tin hiéu dwa ra vi tri wéc luong & nhu Hinh
8. Pau tién, tach riéng thanh phan mang sai s6 vi tri A8 va tin
hiéu cao tan sin(wpt):
’l\thin((l)ht)

_lgipsin (240)[1 — cos (2wpt)] (11)

2
C6 thé thay rang, thanh phan mang sai s6 vi tri £(A0) la
thanh phan mot chiéu néu sai s6 nay khong thay d6i. Thanh
phan con lai 1a thanh phan cao tan c6 tan s6 2wy,. Do d6 thanh
phan mang sai s6 vi tri £(A6) d& dang duoc l4y ra bai bo loc
thong thap LPF (Low Pass Filter).

£(00) = LPF (iqhsin(wht))
1q:
=L sin (246)

Sau d6 bo diéu khién PI diéu chinh £(A8) = 0 va thu duoc
goc ude lugng 8. DE thay rang do thanh phan nay 1a ham cua
sin (2A0) nén khi £(A@) = 0 gia tri A8 c6 thé hoi tu vé bdn
diém la 0,%,71, 37” Tuy nhién chi c6 hai diém 6n dinh 140,
[8], do d6 budc xac dinh cuc tinh s& cho biét chinh xac géc
AG =0 hay A6 = 1.

(12)

4. Pic diém thiét ké va thuit toan wéce lwong vi
tri ban dau dong co SPMSM

4.1. Pic diém dong co thi nghiém

bong co ap dung udc luong vi tri 1a dong co st dung cho
quat tran dan dung rotor ngodi 12 ranh/16 cuc. Pong co nay
dugc md hinh héa dé dwa vao méd phong trong Matlab
Simulink va Ansys Maxwell. Hinh 9 la ciu tric cua 1/4 dong
co, ddc diém théng sé cia n6 dugc thé hién trong Bang 1.

Tir bang s6 ligu, dic tinh BH cua thép & Hinh 10 va mat do
tir thong khong tai ciia dong co & Hinh 11 ¢ thé thay:

Bang 1. Thong s6 dong co

| Tham s6 |D0n Vi| Gia tri |
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Téc do dinh mirc (w,) V/p | 300,0
Dién 4p dinh muc pha (U,) \Y% 55,0
Dong dién pha dinh muc (I,,) A 0,36
bién cam truc d (Ly) mH | 281,7
bi¢n cam truc q (L,) mH | 279,7

Mat do tir duw nam cham (B,) T 0,4

Chiéu dai stator (L,,) mm | 14,0
Chiéu dai rotor (L,) mm | 20,0
Momen quan tinh ciahé (3)  |kg.m?| 2,0
1.50
<7 138 |
1.25
?1.30
g
m 0.75
0507
0.25
0.00
0.00 2000,00 400000 £000,00 8000.00
| H (A per mB‘ﬂﬂ

Hinh 10. buong cong BH cua thép stator

Hinh 11. Mat d6 tir thong trén stator khi day quén stator khéng mang dong
dién (m6 phong bai 3D FEM Ansys Maxwell)

Do mat d¢ tir du ctia nam cham thap (0.4T) nén mat do tir
théng cua thép stator khi khong tai (trung binh <1T, nhiing
diém cuc bo trén bé mat c6 thé bé qua) nho hon nhidu so véi
diém b&o hoa cua thép (1.38T). Pic diém nay chinh 1a diém
khéc biét so véi [8] va [13] (doi hoi thép phai ¢ bién gidi bao
hoa) khién thiét ké dong co nay thuc té hon.

Do d6 dé c6 duoc hiéu g bio hoa dién cam rd rét, dong
dién dat vao day quan stator phai lon. Ngoai ra, thoi gian cap
tin hiéu mot chiéu DC dé tao ra hiéu ung bao hoa dién cam,
hay thoi gian u6c lugng phai di nhanh dé dam bao rotor bi
dich chuyén it nhit. Tuy nhién, do dic diém hé théng c6
momen quén tinh I6n nén phan nao giam thiéu duoc hién
tuong rotor dich chuyén.

Su bién déi dién cam L, L, ciia dong co bai hidu (g bao
hoa dién cam (dong dién truc d va truc q khao sat tir -4A dén
4A) dugc thé hién nhu Hinh 12. Tir két qua md phong c6 thé

thdy, khi ap dit dong dién kich thich I, va I, , hiéu tng bdo
hoa di¢n cam xay ra:

Trong Hinh 12a, hiéu tng nay di2n ra manh mé nhét khi
iq cung huéng vei tir thong nam cham (i, = 0), di¢n cam
Lg1—min = 116,8 mH. Ngugc lai, khi iy nguoc hudng, dién
¢am Lgy—min = 152,7 mH. C6 thé thy hiéu tng nay xay ra
tuong tng v6i Hinh 4 do tir théng nam cham sinh ra nho, diém
hoat dong cua thép & xa diém bao hoa.

Trong Hinh 12b, hiéu tng nay dién ra trong wng véi Hinh
3. Khi iy = 0, dign cam L, bién déi ddi xtng theo dong dign
ig, dién cam Lgi_min = Lgz—min = 131,5 mH . Khi stator
khong tai, dién cam L, va L, xap xi nhau ( ~ 280mH).

T4 (A)0
I, (A)0
L4(mH) 279.6

d axis inductance
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Hinh 12. Bién déi dién cam trén hé dq theo dong dién kich thich md phong
boi 3D FEM Ansys Maxwell (a) dién cam L (b) dién cam L,

4.2. Thuét toan thuc hién wée lwong vi tri

Luu d6 thyc hién thuat toan uée lwong vi tri duoc biéu dién
& Hinh 13.

4.2.1. Uéc lwgng vi tri sector chiva vector truc d bang Short
Dpluses injection

4 sector trong khong gian tao boi 4 vector diénap V; — V,
nhu Hinh 14. Pua 4 vector V; — V,, twong tmg c¢6 d6 16n Uy =
80V,U,; = 0V vao stator dong co lan luot theo thu ty tir 1-4,
mdi vector cach nhau 90°. Mdi vector dugc dua vao trong
15mS, sau do IGBT néi dién tro véi day quan dé dua dong
dién vé 0 trong vong 1mS rdi méi dua vao vector tiép theo.
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Dong dién phan hdi trén truc cua cac vector nay thu duoc tai
thoi diém 15mS c6 gia tri twong NG 13 iy —max — lva—max-
Truong hop 1: Vector d caa nam chadm nam hoan toan
trong cac sector (khéng trang véi céc vector V; — 17,). Hinh
14a, vector d nam trong sector 1. Theo hiéu ng bio hoa dién
cam thi ludén thu dwoc hai gid tri I, _maxr Tpz—mayx 16N Nhét
(c6 thé bang nhau khi truc d & 45°) twong ung trén hai truc
cua vector V;, V. Do d6, vector truc d nam trong sector tao
bai hai vector nay. Hinh 15 thé hién két qua mé phong su thay
ddi dién cam Lg;, Lg; theo cac vector V; khi truc d & vi tri 30°.

Bua vio stator
4 vector V|-V,

Tinh toan 4 dong dién

Lot max=Tva-max

So sanh, tim ra
3 gid tri 16n nhat

HFI duara ©

=Keét thic

0,06s; AO=0

Dua vio stator]
vector Vs

lThL_n: hién HFI‘

Dat gia tri ban dau

cho khau PI
g
@ ’

Sector chira vector d

1}
'
'
|
1
'
1
1
1
1
1
1
1
1
1
1
:
nim giira V; va V‘ :

A q
F Y Vl
&\\ d /‘52}' o
Y v, [ @ :,G:} \‘
| - > d
1K /
n | Vi TS
v/ & |
Viw
(b)

Hinh 14. Céc truong hop cta vector d trong cac sector

Trudng hop 2: vector d ciia nam cham trung véi mét trong
cac vector V; — V,. Trong Hinh 14b, vector d trung véi vector
V. Két qua 1a thu duoc ba dong dién c6 bién do lon nhat gay
boi Vi, Vs, V. Trong d6 Lyi—max > lz—max = Ipa—max 0O
dién cdm Lg; < Lgz = Lgs. Vi tri w6c lwong cua vector d
tring véi vector V;. Sy thay doi dién cam Lg;, Lg; theo cac
vector V; duoc thé hién & Hinh 16.

4.2.2. Uéc lwong vi tri chinh xdc béi High frequency
injection

Sau khi c6 duoc thdng tin sector chira vector d cua nam
cham. Pua mét vector Vs (bién do giong vai V;) nam chinh
giita sector d6 dé gy bdo hoa dién cam tao chénh léch Ly, L.

Vi du nhu trong Hinh 17, vi tri vector d nim trong sector
1, vector Vs nam & vj tri 45° hay%dé dam bao sy chénh léch
Lg, Ly duoc tao rangay ca khi vector d nam gan vector V; hay
Ia vector V.

Khi do, tiép tuc dua vao hé dq tin hiéu cao tan:

ﬁdh = UhCOS ((,l)ht)

ﬁqh =0 (13)

Dong dién phan hoi 14, sau khi qua bo loc thong thap chi chira

thong tin sai s6 vi tri A8, sai s6 nay dugc diéu chinh vé 0 boi

bo diéu khién PI, khi d6 gi tri goc 8 udce lugng chinh xéac &

dau ra bo P1. Gia tri ban dau cua khau tich phan trong bo diéu

khién PI duoc dit |a gia tri vi tri cia vector Vs thay vi dat bang

0. Viéc nay nham dam bao géc 8 léch véi 6 ludn nho hon 45°.
0.29 : - . —

0.28 £

0.24 | \ \

Inductance (mH)

022+ \
\ Lqg = 0,2067 \

0.21 | \ /

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Time(s)

Lq=0,2222

Hinh 15. Bign cam Lg; (cam), Lg;(xanh duong) gay boi vector V; — V.

0.3 — : ' '
Vi 8V VRV,
0.28 _\ . e =
0.26
g
g
b1
£ 0.24
g
=
=
0.22 —_
Ly =0,2246
0.2 Ls=0,1874
0.18 . - t
0 0.01 002 003 004 005 006 007
Time(s)

Hinh 16. Bign cam Lg; (cam), Lg;(xanh duong) gay boi vector Vy — V.

Tém lai, quéa trinh wéc lugng vi tri ban dau cua rotor
dugcthyc hién theo hai giai doan. Giai doan 1, vi tri sector
chtra vector d ciia nam cham dugc tinh toan bai Short Pulses
Injection. Giai doan 2, thuc hién dua vector dién ap Vs (vi tri
ctia vector nay nam chinh giira sector chira vector d da xac
dinh & giai doan trudc) vao stator dong co gy ra sy chénh
léch dang ké Ly, L. Khi d6 udc lugng chinh x4c vi tri rotor d
uoc thuc hién theo High Frequency Injection.

5. Kétqua

5.1. Két qua wée lwgng vi tri sector chira vector d nam
cham béi Short pulses injection

Thuc hién wéc luong vi tri sector chara vector d nam cham
bang cach dua 4 xung V; — V,. Dang song cac dong dién phan
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héi I,, — I,,, d6i vai vi tri rotor & 30°duoc thé hién & Hinh 18.
C6 thé thay dong dién I, va I3 co bién do 16n nhat (I; 16n
hon do vector d nam gan véi vector V; hon V), do d6 vector
d nam cham nam giira V5 va V; trong sector 1.

Dang soéng cac dong dién phan hoi I,,; — I, khi vector d cua
nam cham & vi tri 0° duoc biéu dién ¢ Hinh 19.

Hinh 19 cho thay dong dién I,,; c6 bién do 16n nhét, trong khi
d6 I3 va I, c6 bién o bang nhau, 16n hon dong dién con lai.
Do d6 vector d nam cham tring véi vector V;. Két qua céc
dong dién phan hoi d6i véi cac vi tri khac cua vector d déu
phi hop véi ly thuyét da dugc dé cap ¢ phan trén.

Hinh 17. Vi tri vector V.

2

1.875
1908~ g4 1852

1.8
1.6+
14+
12+

L, (A) 1]
0.8/
0.6/
04/

02 Va2 Vs Vi

0.02 003 004 005 006 007
Time (s)

0 0.01

Hinh 18. Dang song cac dong dién phan hdi I,,; — I,,4 khi rotor & 30°

Tuy nhién, sy khéc nhau cua cac dong dién phan hoi 1a kha
nhé do sy dong gop tir thdng trén truc d ciia nam cham it. Diéu
nay gay ra hiéu ung bao hoa dién cam khong rd rét (dién cam
thay di trén truc d theo cic vector dién ap la nho khi céc
vector ndy di chiéu). Do d6 can c6 cam bién dong dién c6 do
phén giai cao.

5.2. Két qua wée lwong vi tri chinh xac béi High
frequency injection

Sau khi c6 duoc théng tin vi tri sector chira vector d cua
nam cham, udc luwgng Vi tri chinh xac duwoc thuc hién boi
phwong phap High Frequency Injection. So dd md phong
Matlab duoc thé hién & Hinh 20.

Vector Vs dugc dua vao stator dé tao ra chénh léch L, Lq
bai khdi “V5 Injection”. Vi tri cua vector Vs ciing nhu gia tri
ban dau cua khau tich phan trong khéi ESTIMATION dugc
ldy & chinh giita Sector chira vector d ciia nam cham thuc hién
& giai doan thir nhit.

Tin hiéu cao tan dugc dua vao truc d ude lwong bai khdi
“High Frequency signal” c6 bién d6 a 10V, tan sb 500Hz. Vé
co ban, gia tri bién do tin hiéu nay cang cao thi dong dién phan
héi cang 16n, thuan tién cho viéc do dac va xu ly. Tuy nhién,
momen dién tir sinh ra ciing 16n theo lam cho rotor bi dich
chuyén cang nhiéu. Tan sé cua tin hiéu ciing tuong tu, gia tri
tan sb cang Ion, thoi gian dap tmg cua dong dién phan hoi cang
nhanh tuy nhién, tan sé tin hiéu qué 16n lai tré nén khdng thuc
té voi cac bo bién tan hién nay.

Két qua ddi véi vi tri vector d & 85° va 95" twong ng Véi
hai sector 1 va 2 dugc thé hién & Hinh 21.
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Hinh 21. Két qua wdc luong vi tri rotor (@ thuc -nét lién; 8 udc luong -
nét dit) (a) tai 85° va (b) tai 95°

Hinh 21a cho thiy goc 8 uéc luong hoi tu vé 6 thuc sau
0,06s, sai 6 vi tri ~ 0,23°. Tai 0,1s sai s6 tang 1én ~ 0,43"do
rotor bi dich chuyén 2,25 boi vector V. Hinh 18b cho thay
su thay d6i twong tu 18a, sau 0,06s goc 8 hoi tu vé 6 thuc, sai
s vi tri ~ 0,12°. Tai 0,1s sai s6 giita hai dai lwong nay
~ 0,41° . Do d6 c6 thé chip nhan ding thuat toan tai 0,06s va
dua ra két qua.

Céc két qua ddi véi cac goc 6 khac ciing cho thiy diéu nay.
Vi vi tri ban dau khau PI dwoc dit & chinh giita sector chira
vector d nén tinh chat u6c lwong cua cac sector la giéng nhau.
Do d6, trong bai bao nay chi trinh bay két qua cudi cing so
sanh giira @ v6i 6 & cac vi tri khac nhau trong sector 1 va dugc
minh hoa bai Hinh 22. Hinh 22 cho thay, khi vi tri géc 6 cang
gan vi tri chinh giita sector 1 thi sai s6 u6c lugng gitra goc 0
thuc va goc 8 ude lwong cang nho. Nguoc lai thi sai s6 wéc
lwong cang 16n khi goc @ xa diém nay do vi tri rotor dich
chuyén do dong dién gay bai vector Vs va bo didu khién PI
phan &ng cham. Do d0, c6 thé str dung céac bo diéu khién khéc
dap ng tét hon véi sy dich chuyén cua rotor.

5.3. Tong hop két qua hai giai doan caa thuit toan wéc
lwgng

Thai gian thuc hién Short Pulses Injection 1a x4p xi 0,06s,
thoi gian thuc hién High Frequency Injection 1a 0,06s. Téong
thoi gian dé thuc hién ca hai giai doan 1a xap xi 0,12s, sai s6
I6n nhét 1a nho hon 0,25°. So sanh vai [13] sai s6 goc rotor
ban dau nho hon 7,5 1an (1,875"). Hon nira khi so séanh véi
cac nghién ctru khac, diéu kién khét khe 4 stator phai & bién
gidi bdo hoa khi khong c6 dong dién trong day quan ciing
khong can dat dugc. Pay 1a diém mau chdt 1am cho phuong
phap dé xuat trg nén thyc té hon.

6. Kétluin

Bai bao nay da trinh bay phuong phap wéc luong vi tri ban
déu cua rotor trong dong co ddng bd nam cham vinh ciru gin
trén b& mat (ng dung trong quat tran. Pau tién bai bao d trinh
bdy m6 hinh dong co va nguyén 1y co ban cua hai phuong
phap uéc lugng vi tri ban dau 1a Short Pulses Injection va High
Frequency Injection. Tiép theo, bai bao dé xuat phuong phap
tich hop hai phuong phap trén. Pong thoi phén tich cac dic

diém cua dong co mau, von c¢6 dic tinh khong thuan loi cho
viéc udc lugng theo mét trong hai phuong phap da néu. Cac
dic diém d6 chinh la dién cam truc d va truc g xap xi nhau va
mat d tir thong do nam cham gay ra trén ring stator & xa diém
béo hoa.

Sau d6, mo6 phong phuong phap dua trén mé hinh héa dong
co mau trong MATLAB SIMULINK dugc thuc hién. Cac két
qua md phong cho thay, qué trinh thuc hién SHORT PULSES
INJECTION cho két qua chinh xac dé xac dinh vi tri cua
sector chua truc d nam cham. Tuy nhién, do tir théng do nam
ch&m sinh ra nhé nén hiéu ing bao hoa dién cam trén truc d
xay ra khdng rd rét (dién cam thay ddi trén truc d theo céac
vector dién ap 1a nho khi cac vector nay dbi chiéu). Biéu nay
lam cho cac dong dién phan hdi twong ng véi cac vector dién
ap dua vao khac nhau khong 16n. Do d6 can c6 cam bién dong
dién c6 d6 phan giai cao.
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Hinh 22. Két qua u6c luong vi tri véi géc 0 tir 5° dén 85°

O giai doan thir hai, thuc hién High Frequency Injection,
tuy sai s6 vi tri thuc va ude lugng la nho va thuat toan két thic
sau 0,06s nhung bo diéu khién PI chua dwa duoc sai s6 xac
lap. Piéu ndy xay ra la do vi tri rotor thay ddi trong qua trinh
udce luong khi phai dua vector dién 4p vao stator gay ra su
chénh léch Ly,. Tuy nhién sai sé van duoc cai thién dang ké
S0 véi cac nghién ctru trude. D& xuat st dung bo diéu khién
khéac c6 thé thich nghi tét hon véi sy thay d6i mo hinh nhu b
diéu khién thich nghi (MRAS). Quan trong nhat, bai bao da
giai quyét hai dac diém cua dong co mau gay kho khin cho
Viéc udc lugng.
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Abstract

This paper proposes an novel simple anti-bias modulation technique for single phase Dual-Active-Bridge DC/DC converters. When a pulsating
load occurs, the control efforts of the controller lead to sudden changes in the phase shift. In turn, this cause a momentary unbalance in the
positive and negative volt-second product of the transformer. As a consequence, DC bias in the transformer current appears and takes some
time to vanish. By some small changes in the setting of the pulse-width-modulation modules of the digital-signal-processor, the bias can be
completely eliminated. Theoretical analysis and experimental results show that, it takes only a half of one switching period to remove the bias
caused by a pulsating load change without the need of a high sampling speed or any complicated measurements or feedback.
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Symbols
Symbols  Units Description
B T Flux density
73 radian  Phase shift angle
A Weber  Volt-second product
s v switching frequency in rad/s
Ac m? Cross-section are of the core
Ny Turns ~ Number of turns of pri. winding
Ly H leakage inductance
o p-u. Inductance ratio
Abbreviations
DAB Dual-Active-Bridge
ePWM  enhanced Pulse Width Modulation
SPS Single Phase Shift
TBCTR  Timer-based Counter
TBPHS  Timer-based Phase Shift
TBPRD  Timer-based Period
CMPx Compare X (x = € A, B)
Tom tat

Bai bdo nay dé xuit mot phuong phap don gian dé loai bd thanh phan
qua dd mot chiéu trong ddp tng dong dién ctia bd bién ddi ludng
cAu mot pha. Khi tai thay ddi dot ngot véi bién do 16n, bo diéu khién
thudng cb ging tic dong nhanh dé 8n dinh dong dién (dién 4p) tai.
Bién diéu khién (goc dich pha) do d6 can dugc thay ddi véi sb gia

16n. Tuy nhién, viéc nay gdy ra su mét cin bing trong viéc tit héa may
bién ap do thanh phan mdt chiéu xuét hién trong dong dién va can
mot khodng thdi gian d€ suy giam vé khong. Trong bai bdo nay, mdt
k§ thuat don gidn dua trén viéc tinh chinh cai dit cic mo-dun didu ché
do rong xung cla vi diéu khién TMS320F28335 dudc trinh bay. Nho
c6 ky thuat dé, thanh phan qua do mot chidu dudc loai bd hoan toan
trong chi trong mot nita chu ky déng cit ma khong can thém cam bién
hay ting toc do 14y mau. Hiéu qua ctia ky thuat dé xuét dugc kiém
chiing thong qua phén tich toan hoc va thuc nghiém.

1. Introduction

As already discussed in many articles [1, 2], Dual-Active-
Bridge (DAB) converters have many interesting features, such
as: isolated and bidirectional power transmission, inherited
soft-switching, high power density, high efficiency, etc. Among
those, simple control structure is a very important characteris-
tics that make DAB converter an attractive topology for indus-
try applications. Conventionally, handling the power flow of
a DAB converter requires only one phase shift variable. This
method, which is called the Single-Phase-Shift (SPS) tech-
nique, uses 180 degree conduction mode in both inverters, and
shifts the output voltage of one inverter prior or posterior that
of the other.

Although very simple and robust, SPS modulation also has
some drawbacks, such as narrow soft-switching area, high cir-
culating current, limited voltage range, DC-bias in transformer
current, etc. Many advanced control method have been pub-
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lished to solve these problems, such as Enhanced-Phase-Shift
(EPS) [3, 4, 5], Dual-Phase-Shift (DPS) [6, 7, 8] and Triple-
Phase-Shift (TPS) [9, 10, 11]. Those techniques are proposed
mainly to deal with extending the soft-switching area of the
converter. However, there are few researches on dealing with
the latter one, DC-bias in transformer current.

The DC bias may be caused due to several reasons such as:
unbalance gate signal due to different propagation delay time
of drivers, unequal voltage drop or different rise/fall time of
switching devices, pulsating load change, etc. [12, 13, 14, 15,
16, 17]. The DC-bias appears in the transformer (and the ex-
ternal inductor, if any) can make the devices saturated. The
DC-bias also introduces unwanted additional dissipation on the
magnetic device as heat due to the increment of core loss. It
can also causes excessive current stress on switching devices.
Therefore, it is necessary to eliminate the DC-bias.

Some causes of the DC-bias such as unbalance gate signal, un-
equal power electronic device parameters, etc. can be avoided
by hardware optimization, for example, by choosing the de-
vices from the same production lots, reducing the number of
driving stages (e.g., using isolated gate driver instead of normal
gate driver and digital isolators), etc. Nevertheless, hardware
optimization cannot help to remove the DC-bias caused by pul-
sating load changes. When a pulsating load occurs, the control
efforts of the controller lead to sudden changes in the phase
shift. In turn, this cause a momentary unbalance in the positive
and negative volt-second products of the transformer. As a con-
sequence, DC bias in the transformer current appears and takes
some time to vanish that, beside the aforementioned effects,
slows down the dynamics of the overall system.

A blocking capacitor may be the easiest way to block the DC
component of transformer currents, however, at the price of
additional volume, cost and loss to the system. Ortiz et.al. in
[12] summarized some active/passive methods to suppress the
bias based on actual flux measurement. Nevertheless, exter-
nal circuits must be used that adds complexity and reduces
the system reliability. In contrary, the approaches proposed in
[13, 14, 15] aiming to deal with the DC-bias caused by pul-
sating load change were based on advancing the modulation
pattern or control algorithm. The switching period was dis-
cretized into sub-periods in [13] to allow fine-tuning of the
switching pattern. However, this requires very high sampling
frequency that may not applicable in many cases. The tech-
nique proposed in [14] was dedicated for EPS-modulated DAB
converter but also applicable for SPS-modulated one. However,
it requires to modify the modulation of all legs to deal with
the bias. Moreover, there is a division in the calculation of
new modulation parameters that leads to the possibility of a
division-by-zero error when voltages at both sides are equal.
The anti-bias strategy reported in [15] seems simpler than the
two previous techniques. Although it can suppress the DC-bias
in a half of one switching period, it needs a sampling speed of
two times faster than the switching frequency.

From another aspect, all proposed modulation algorithms must
be undertaken in a processor platform. The effect of anti-bias
techniques depends strongly on the updating mechanism of
the modulators of the processor. However, that issue is not
discussed in all of the aforementioned articles. Let us take
the prevailing 32-bit DSP TMS320F28335 from Texas Instru-
ment for instance, when the phase shift modulation mode is
implemented for its PWM modules, any updates of modulation
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Figure 1: Dual-Active-Bridge DC/DC converter.

parameters are written to the corresponding registers at the end
of current switching period [18]. All changes made in prior of
that instant have no effects. Consequently, some of the above
techniques may no longer be applicable.

This paper proposes a simple technique to eliminate the DC-
bias caused by pulsating load change. The approach is to
balance the volt-second product (i.e. the flux linkage) of the
transformer. The control platform utilized in this research is a
TMS320F28335 DSP. The relationship between the DC-bias
creation and the updating mechanism of PWM modules of the
DSP is revealed and used for modifying the modulation pattern
appropriately. As will be seen later, the bias is suppressed in
just a half of one switching cycle like that reported in [15].
However, the sampling speed required by the technique pro-
posed in this paper is just as high as the switching frequency.
Furthermore, while in [15], all four modulators need to be mod-
ified to suppress the bias, only one module is adjusting here.
No complicated calculation is carried out. The proposed algo-
rithm can thus be deployed as an additional post-processing
procedure before passing to the PWM modules.

This paper is structured as follows: Section 2 describes the
SPS implementation and operation on TMS320F28335, from
that, equations to model the flux linkage are derived; Section 3
explains the creation of DC-bias when pulsating load change
occurs; method to eliminate the bias is proposed in Section 4;
experimental results are presented in Section 5 to confirm the
validity the method; and finally, pros. and cons. of the proposed
technique are provided in Section 6.

2. Phase shift modulation of DAB converter on
TMS320F28335 DSP

A typical DAB converter has two inverters and one high fre-
quency transformer located in the middle for isolation and
voltage matching as depicted in Figure 1. There are four MOS-
FET (or IGBT) legs switching at the same frequency. In order
to handle the power flow in the converter, the most popular
and simplest method is the single-phase-shift (SPS) technique
which controls the phase displacement between output voltages
of the two inverters. A positive phase displacement implies a
forward power transmission and vice versa.

As mentioned before, a 32-bit DSP TMS320F28335 from
Texas Instrument is utilized to control the operation of the
system. Four enhanced pulse-width-modulation (¢ePWM) mod-
ules are used, ePWM1 and ePWM2 are dedicated for two legs
of Inverter 1 (the sending side); and ePWM3 and ePWM4 are
for Inverter 2 (the receiving side). They are configured for
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* Up-down counting mode;

* Complementary outputs for each leg;

¢ ¢ePWMI is the master module, the other three are slaves;

* Phase shift modulation mode is enable;

» Synchronization is at TBCTR1 = zero;

e ePWM2 and ePWM4 are 180 degrees shifted from
ePWMI1 and ePWM3, respectively;

* ePWM3 is y degrees shifted from ePWMI.

e All set at ZRO (TBCTRx = ZERO) and clear at PRD
(TBCTRx = TBPRD), where TBCTRx (x € [1,4]) is the
counting register of the corresponding ePWM module;
and TBPRD is the period register (same for all modules);

* "Do nothing" at TBCTRx = CMPAx and TBCTRx =
CMPBx events, where CMPAx and CMPBx (x € [1,4])
are the counting-compare registers A and B of the corre-
sponding ePWM module.

Table 1 summaries the setting of the Action-Qualifier Output
registers of all ePWM modules. Because of this setting, output
voltages v, (¢) and vy(r) of the two inverters have the two-level,
square-wave forms and y degrees shifted from each other;
where y is the phase shift variable. Figure 2 demonstrates the
theoretical waveforms of two consecutive switching periods.

Considers the simplified, primary-referred equivalent circuit
diagram depicted in Fig. 3, where L;, and Ly, are the total
inductance of the primary and secondary sides, respectively;
L,, is the magnetizing inductance. The magnetizing inductance

Table 1: Configuration of Action-Qualifier Output x registers.

Event Setting Note

TBCTRx = CAU | Do nothing | TBCTRx = CMPA at counting up
TBCTRx = CAD | Do nothing | TBCTRx = CMPA at counting down
TBCTRx =CBU | Do nothing | TBCTRx = CMPB at counting up
TBCTRx =CBD | Do nothing | TBCTRx = CMPB at counting down
TBCTRx =ZRO Set TBCTRx = zero

TBCTRx =PRD | Clear TBCTRx = period

Since vy, (¢) is the derivative of the total flux linkage in the core
with respect the time ¢, (1) can be expressed as:

dA(t)
a =1
where n is the turns ratio, N; = nNV,; N; and N, are the number
of turns of the primary and secondary windings respectively.
The waveform of v,,(¢) is illustrated in Figure 2 for the case
o =1 (i.e. no external series inductors at both sides). Since
v, (t) and v,() depend on the switching state of the converter, it
is worth to consider each state to determine the voltage-second
product in each switching half cycle.
Let y;_; be the phase shift at the (k— 1)'h switching period
(corresponding to the value TBPHS3;_ of the phase shift
register TBPHS3):

TBPHS3;_| = % x TBPRD3

(0 (t) +nvs(t)) 3)

From (3) and Fig. 2, the positive and negative volt-second
products of the magnetizing inductance are determined by:

1
lPk,l = m[(ovl—i—nvz)n—h%y/k,l}
)’Nk—l = _m [(GV] +nV2) T — 2nV21;/k_1]

“4)

where @ is the switching frequency in radian-per-second.
Since the summation of Ap_, and Ay, , is zero, the flux in the
core is balanced. The peaks of flux density are then calculated

by (5):

Bpkpiy = —Bpkany_,
1

" 2N Aoy (11 0)

where By p, | and By, , are the positive and negative peaks

of flux densityat the (k — 1) switching cycle, respectively;
and A, is the cross section area of the magnetic core.

[(le L nVa) T —20Vayi | (5)
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3. The creation of DC-bias

When a load change occurs, the controller will react to maintain
the output current or voltage depending on the objective of
the control system. In either cases, the phase shift y is likely
to change. The faster dynamic of the close-loop system, the
higher amplitude of the change of y. At the beginning of the k"
switching period, the new phase shift value of y is calculated
then sent to the modulators and from there, corresponding
PWM signals are sending to the driver system.

Obviously, the refreshing rate of y is the sampling fre-
quency, however, the updating rate of the modulators of
TMS320F28335 is the switching frequency. The registers of
the modulators are reloaded with new values from shadow
registers at the end of the current switching period [18]. The
use of shadow registers allows synchronized update with the
hardware. Indeed, one can use the "Immediate Load" setting
to immediately write the new values to registers. However,
this may lead to corruption operation or malfunction of the
system due to asynchronous register modification by software.
More importantly, this function is not applicable in the "Phase
Shift Modulation Mode". In the phase shift mode, all register
updates of slavery ePWM modules are synchronized with the
master module (ePWM1) at, for example, the event of TBCTR1
=ZERO.

The synchronous update effect is illustrated in Figure 2. When
TBCTRI1 equals to zero at counting down (@t = 27), all phase
shift registers are reloaded with new values regardless of the
writing request instants from the system. Registers TBPHS3
and TBPHS4 (the phase shift registers of ePWM3 and ePWM4,
respectively) are updated with the new value of TBPHS3;, and
TBPHS4y, respectively:

TBPHS3;, = % « TBPRD3
Vi
TBPHS4, — (1 n ;)  TBPRD4

Consequently, the volt-second products of the k" switching
cycle are:

where By, and By ,, are the positive and negative peaks of
flux density at the K’ switching cycle; and Ay is the deviation
of the phase shift, Ay = y; — ;.

From (7) and (8), assumes that the phase shift is increasing, i.e.
Ay > 0, the positive peak flux density decreases compared to
that of the (k — 1)/” cycle, whereas the negative peak stays the
same. This phenomenon is demonstrated in the B — H frame in
Fig. 4 for the case Ay > 0. Obviously, a bias in flux density is
caused and the flux becomes unbalanced.

4. Flux balancing method

4.1. Approach

Let AB be the bias flux density, from (7), AB is defined as:

_ 2nV,
B NlAcws(l + G)

Notes that, flux is unbalanced when the summation of By,
and By, is other than zero. This notation suggests an idea
that, the flux in the core can be balanced by adding a half
of the biased flux to both peaks of the flux density. From a
geometrically view, if the B-H trajectory in Fig. 4 is shifted
upward a half of the biased flux calculated by (9), the flux in
the core will become balanced.

This means the positive volt-second product Ap, needs to be
modified as (10) while Ay, remains unchanged.

Ay €))

A';;k = Aka + NIAZCAB
= Ap + 1’1/20 « %’ 100
= A 1n—i‘-/20' X % (10b)
— m (oVi+nVa) = 2nVa iy —anAy/}
(10c)

By doing so, the positive and negative peaks of flux density
becomes (11).

Azi[o—v Vo) 7 — 2nV- } N
P, ) (oVi+nVy) nVa Wi B
(6) ljpk.pkﬂ
An, = —7[ V Vo) —2nV: ] e i
N o (1+0) (oVi+nVa) T —2nVo Y ABI / Bok,py / .
The new peak flux densities are yielded as (7) and (8):
Ap,
Bpicp = Bpiy  + le‘lic
1
= [(oV, +nWVo) T —2nVa | —4nVhA i
N A (15 0) (oVi+nVy) nVa W1 —4nV,Ay <
)]'Nk_1 AP -1
. Ao
2nV, k k
=B S | 7
Pk.pr—1 NlAca)s(l—f—G) L4 ( )
N,
Bpknme = Bpkpy Tgc
1 v v .y
= | (oVi+nV)m—2nVoy_ Mla
2NiAcwy(1+0) (OVi+nVo) T =2nVa Wiy Boiny

= Bpk,nk,l (8)

Figure 4: B-H trajectory when a step phase shift change occurs.
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Figure 5: B-H trajectory when the proposed method is applied.

_ _ M
Bpkpy = =Bpiw, = 2N A,
1
=—— | (Vi +nVo) w —2nVoy,_ —nVoA }
Nﬂ%w&l+c)( | 2) 2Vik—1 2AY

an

Fig. 5 demonstrates the effect of above volt-second product ad-
justment. As shown, the bias disappears and the flux unbalance
no longer exists.

4.2. Implementation

In order to implement the proposed adjustment on the volt-
second products, the setting of ePWM modules is slightly
changed. Two cases are considered individually: Ay > 0 and
Ay < 0.

4.2.1. Phase shift increases

Geometrically, the second part of (10a) and (10b) can be seen
A
as the area of a rectangle with the length of Fw and the height

S
V.
of 12
l+o
making the secondary winding voltage v,(¢) zero in exactly

. This area can be removed from Ap_, as (10a) by

A

av seconds. There are several methods to clamp v,(t) to zero,
)

the easiest way is forcing an overlapping in the modulation of

two legs of Inverter 2 as demonstrated in Figure 6.

As shown in Figure 6, at the beginning of the k" switching
cycle, TBPHS3 is updated with the new phase shift value of
TBPHS3;, corresponding to the new phase shift y; as normal.
Afterward, TBPHS3 starts counting down. When TBPHS3
reaches TBPHS3,_1, T; should be turned on while 73 should
remain its on state. Because 77 and 7; are complementary,
as Ty switches on, T does off. Thus, the gate signals of the
transistors 77 and 73 become overlapping that clamp output
voltage of Inverter 2 to zero. When TBPHS3 reaches zero and
TBPHS4 is at peak (equals to TBPRD), 77 should remain its

f— (& — 1) sample «— k™ sample e (k + 1) sample

TBPRD

v (6)

TBPRD Vi

TBPHS4, , —»é _TBPHS4

o
TBPHS3,

S CMP34,
. e

TBPHS3, —*

1A
v,

v, (0,05 (0)

v, +n,

APFHl

o [N

20y, (1) =
0

V¥,

Figure 6: Waveforms by the proposed modulation method when the
phase shift increases.

on state whereas 73 should be turned off to set 7> on. This ends
the zero volt sub-period of vy(¢) and starts the positive output
voltage interval of Inverter 2. The width of this period is

TBPHS3; — TBPHS3_,
TBPRD3

which is exactly equal to Ay.

The key of this algorithm is to toggle 77 (and thus, 7}) at
the event TBCTR3 = TBPH S3;_ when counting down. This
can be accomplished by using the duty cycle variation mode
together with phase shift modulation as follows: assigning
the CMPA (counter-compare A) register by (TBPHS3; —
TBPHS3;_1) and allowing ePWM3 outputs to toggle at the
event TBCTR3 = CMP3A at counting down to turn 77 on ear-
lier. If there is no actions at TBCTR3 = CAU (counting up), the
zero interval appears only in the first half of the k;;, switching
cycle. As a result, the volt-second product of the &, period is
modified as desired. If the phase shift remains unchanged in
the next sampling period (i.e. (k+ 1)), the normal SPS modu-
lation should be undertaken. Therefore, CMP3A is assigned as
(TBPRD + 1) to disable the toggle action at the event TBCTR3
= CMP3A.

The output is still cleared when TBCTR3 = PRD, thus, it is
no need to do any actions when TBCTR3 = ZRO. Table 2
summaries the new configuration of ePWM3 module. Setting
of other ePWM modules remain unchanged.

4.2.2. Phase shift decreases

When the phase shift decreases, Ay is negative. If the above
algorithm is applied, a negative value is assigned to CMP3A
register. This causes no effect on creating the overlapping in-
terval of the gate signals. Hence, the algorithm needs to be
revised for this case.

The switching strategy for this case is illustrated in Figure 7.
After a normal synchronized update at the beginning of the
kth cycle, TBPHS3 counts down to reach zero. Normally, 7 is
toggled at that event, however here, 7 should remain on. Thus,
the set action at TBCTR3 = ZRO should be disable to avoid
a turn-on at this event. At the same time, in the other leg, 73
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Figure 7: Waveforms by the proposed modulation method when the
phase shift decreases.

Figure 8: Implementation of the proposed scheme.

goes off and 7, turns on. The overlapping of 74 and 7 helps to
clamp v,(¢) to zero. When TBPHS3 equals to (TBPHS3;_1 —
TBPHS3;) at counting up, Ty (and thus T7) is toggled to end
the zero volt interval of v,(¢). The width of this period is

TBPHS3;_; — TBPHS3;
TBPRD3

which is exactly equal to Ay as expected.

5. Experimental Results

In order to toggle 77 and T, when TBCTR3 = (TBPHS3;_1 —
TBPHS3;) at counting up as mentioned above, duty cycle vari-
ation is also used together with the conventional SPS. Since

High frequency: |m
transformer -

Figure 9: Laboratory-scaled experiment system.

Table 2: Configuration of Action-Qualifier Output 3 registers when
Ay > 0.

Event Old New Notes
TBCTR3 = ZERO Set Set N/A
TBCTR3 = TBPRD Clear Clear N/A
TBCTR3 = CAU Do Nothing | Do Nothing N/A
TBCTR3 = CAD Do Nothing | TOGGLE )
TBCTR3 =CBU Do Nothing | Do Nothing N/A
TBCTR3 = CBD Do Nothing | Do Nothing N/A
Note: (i: CMPA — { % X TBPRD, if Ay >0
TBPRD +1, if Ay <0

Table 3: Configuration of Action-Qualifier Output 3 registers

Event Old setting | New setting | Notes
TBCTR3 = ZERO SET Do nothing N/A
TBCTR3 = TBPRD CLEAR CLEAR N/A
TBCTR3 = CAU Do nothing | Do nothing N/A
TBCTR3 = CAD Do nothing TOGGLE @)
TBCTR3 = CBU Do nothing SET (ii)
TBCTR3 =CBD Do nothing | Do nothing N/A

(i): CMPE — { w X TBPRD, if Ay < 0

0, if Ay >0

the register CMPA has been used for the previous case, CMPB
(counter-compare B) register is employed instead. Accord-
ingly, CMP3B is assigned as (TBPHS3,_; — TBPHS3;), and
ePWM3 output is set when TBCTR3 = CMP3B at count-
ing up. Notes that, e(PWM3 has already been set to toggle at
TBCTR3 = CMP3A at counting down, if CMP3A is smaller
than CMP3B, this may cause spurious operation of ePWM3.
Hence, CMPA3A is assigned to be TBPRD+1 to disable the
toggle action at TBCTR3 = CMP3A. In the consecutive sam-
pling instant, if the phase shift is not changing, 77 and 74 should
be toggled at TBCTR=ZRO as normal. However, since that
action has been disable, CMP3B is thus assigned as zero to
re-enable the action in an alternative way. Finally, combined
with the previous setting, Table 3 summaries the old and new
configurations of ePWM3 module. Those setting must be un-
dertaken at system initialization of the DSP.

The implementation is very simple as depicted in Fig. 8. The
deviation of phase shift Ay is calculated and compared to
zero for its polarity. Then, from that, the new value of regis-
ters CMP3A and CMP3B are calculated and assigned. Notes
that, when there is no phase shift deviation in two consecutive
switching periods, Ay = 0, CMP3A = TBPRD+1 and CMP3B
= 0 and the normal SPS modulation is conducted.

It can be seen from Fig. 8 and Table 3 that, neither voltage
nor current feedback are required. The phase shift deviation
is the only necessary information for the above technique.
Its deployment is as simple as an additional post-processing
procedure of the phase shift before passing to the modulation
modules. No new variables or complicated computation are
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Figure 13: y decreases, proposed modulation method.

required. Although four ePWM modules are modulated, only  initialization.

ePWM3 is modified in the run-time for the proposed anti-bias  Fijg 9 shows the experiment system used in this study. The
strategy, whereas the setting listed in Table 3 is made at system  gyjtching frequency is 20 kHz and the dead-time is 1 ps. A
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programmable power supply is connected to the DC side of In-
verter 1. The input voltage is fixed at 50 V. A 30 Q resistive load
absorbs the transferred power at the DC side of Inverter 2. The
transformer has two windings wounded on an ETD54/28/19
ferrite core. Shell-typed winding method is used to achieve a
high leakage inductance of 90 pH. Since no external inductors
is needed, the value of o is 1. The magnetizing inductance
is 1.5 mH and the total AC resistance referred to the primary
side, measured at 20 kHz is 50 mQ. Table 4 lists some main
parameters of the system.

A TMS320F28335 experiment kit from Texas Instrument is
used to control the system. The setting of the modules ePWMI,
2 and 4 are described in Section 2. Configuration of ePWM3 is
as listed in Table 3. Sampling rate is the same as the switching
frequency (i.e. 20 kHz). As mentioned above, any changing
request in the phase shift from the controller have no effects
until the end of the modulation period. Therefore, a sampling
rate higher than the switching frequency has no meaning in
this circumstance.

5.1. Phase shift increases

Two experiments are conducted: phase shift increases and
phase shift deceases. As for the first experiment, the phase
shift is initially set at 30 degrees. Consequently, output voltage
is about 51.5 V, and transferred power is about 90 W. After
some time, the phase shift is suddenly stepped up to 45 de-
grees. After the transient period, the output voltage is 66.6 V
and output power is 150 W. A four-channel, isolated RTH1004
oscilloscope from Rohde & Schwarz is utilized to measure
the primary and secondary voltages and currents to examine
the bias creation with and without the proposed modulation
technique. Figure 10 shows the waveforms obtained with the
normal SPS modulation.

As shown in Figure 10, the primary current is well balance
before the phase shift increment instant. Since the voltage
conversion ratio is almost 1:1, the current has the trapezoidal
shape. At the k" switching cycle, the phase shift increases from
Vi1 to Yy, the output voltage, however, cannot rise that rapidly
as the current shape still has the trapezoidal form. In contrary,
the current amplitude changes immediately. The positive peak
increases from about 2 A to 4 A, whereas the negative-peak
decreases from about -2 A to -2.7 A. Obviously, the current
is biased. After about 4 switching cycles (i.e. 200 ps), the
bias vanishes and both peaks settle down at +3.35 A. If the
current amplitude is big, that amount of time might be enough
to damage the switching devices.

Figure 11 depicts the waveforms obtained when the proposed
modulation is applied. At the k" switching cycle, a zero-volt in-
terval in the secondary voltage appears against the step change
of the phase shift. The width of the interval is exactly equal to
the phase shift deviation. The voltage waveform is thus well
matched with the theoretical ones shown in Figure 6. The pos-
itive peak current rises from 1 A to 3 A, and the consecutive
negative peak is -3.35 A, whereas the peaks of the (k4 1)
period and further settle at 3.35 A as expected. Hence, it
can be confirmed that the bias is eliminated within a half of
a switching cycle. Notes here that, the positive peak reaches
only 3 A instead of the desired value of 3.35 A. This is due
to the effect of the dead-time, which is not considered in the
above analysis. Discussion on the influence of dead-time on

modulation is beyond the scope of this paper.
5.2. Phase shift decreases

As mentioned above, after the transient time, the output voltage
is stable at 66.6 V and output power is 150 W with the phase
shift of 45 degrees. Now, the phase shift is stepped down back
to 30 degrees. Firstly, the proposed method is temporarily
disabled to examine the appearance of current bias. Figure 12
describes the waveforms in this case.

Although the phase shift deviation is the same as the previous
experiment, the bias appear in this test is smaller and vanishes
much faster. By the end of the (k— 1) switching period, the
current is still well balance with the current peaks of £4.9 A.
When the phase shift change at the beginning of period k", the
first positive peak reduces to 2.75 A, whereas the negative peak
rises to -3.89 A. The current becomes stable in the consecutive
period meaning that the bias disappears just after one switching
cycle. Although the bias vanish quickly, it causes a momentary
hard-transition at the end of the first half of k" cycle because
the turn-off current is mostly negative.

When the proposed modulation method is enabled, the bias
no longer exists. The positive and negative peaks of the pri-
mary current in the k' cycle are 3.65 A and 3.3 A respectively,
whereas the expected value is 3.5 A. A zero-volt interval with
the width of 15 degrees (equal to the phase shift deviation)
appears in the secondary voltage to help balance the current.
The experimental voltage waveform once again matches very
well with the theoretical plot in Figure 7 which in turns con-
firms the correctness of the proposed method. Since the bias is
eliminated, the momentary hard-transition occurring at the end
of the first half of k' cycle is avoided as the turn-off current is
greater than zero.

6. Conclusions

This paper discussed about DC bias removal problem for Dual-
Active-Bridge DC/DC converters. A new technique was pro-
posed that makes some minor modifications in the setting of
only one ePWM module among four of the TMS320F28335
DSP in which the modulation is undertaken. The synchroniza-
tion update problem of ePWM modules was also addressed.
The proposed scheme is very simple as it can be implemented
as a small post processing procedure of the control signal
before passing to the modulation. No voltage or current infor-
mation is necessary for the proposed technique. It needs only
the deviation of the phase shift which can be obtained easily.
Besides, since there is no new additional control variables, the
design of the control system is not affected.

Theoretical analysis and experimental results show that, the DC
bias is completely remove within just a half of one switching
cycle regardless of a increment or decrement of the phase
shift. Although the proposed method is applied to modify the
modulation pattern of the SPS method on a TMS320F28335
DSP, the same approach can be utilized for other modulation
methods, such as DSP or TPS, etc., implemented on different
DSPs.

Nevertheless, the proposed technique works as an open-loop
method. If the bias is caused by a reason other than pulsating
load change, such as unbalanced propagation time of driver,
unequal rising/falling time of MOSFETs, different MOSFET
parameters, etc., further measurement and processing might be
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required as discussed in other publications.

A. Parameters

Table 4: System parameters

Parameter Symbol Value Unit
Trans. ratio n 1:1
Inductance L 90 upH
Resistance R, 50 mQ
Nom. frequency  Fj 20 kHz
Nom. phase shift ¥ 30 deg
Sampling time T, 50 us
Dead-time T, 1 ps
DC capacitors C, 1000 uF

Acknowledgement

This research is funded by Asahi Glass Foundation, moderated
by Hanoi University of Science and Technology (HUST) under
project numbered AGF.2021-06.

References

[1]

[2]

[3]

[4]

[3]

[6]

(7]

[8]

[9]

[10]

(1]

[12]

B. Zhao, Q. Song, W. Liu, and Y. Sun, “Overview of dual-active-bridge
isolated bidirectional dc—dc converter for high-frequency-link power-
conversion system,” IEEE Trans. Power. Electron., vol. 29, no. 8, pp.
40914106, 2014.

X. She, A. Q. Huang, and R. Burgos, “Review of solid-state transformer
technologies and their application in power distribution systems,” IEEE
Journal of Emerging and Selected Topics in Power Electronics, vol. 1,
no. 3, pp. 186-198, 2013.

G. G. Oggier, G. O. Garcia, and A. R. Oliva, “Switching control strategy
to minimize dual active bridge converter losses,” IEEE Trans. Power.
Electron., vol. 24, no. 7, pp. 1826-1838, 2009.

G. G. Oggier, R. Ledhold, G. O. Garcia, A. R. Oliva, J. C. Balda, and
F. Barlow, “Extending the zvs operating range of dual active bridge high-
power dc-dec converters,” in Power Electronics Specialists Conference,
2006, pp. 1-7.

G. Oggier, G. O. Garcia, and A. R. Oliva, “Modulation strategy to
operate the dual active bridge dc—dc converter under soft switching
in the whole operating range,” IEEE Trans. Power. Electron., vol. 26,
no. 4, pp. 1228-1236, 2011.

H. Bai and C. Mi, “Eliminate reactive power and increase system ef-
ficiency of isolated bidirectional dual-active-bridge dc—dc converters
using novel dual-phase-shift control,” IEEE Trans. Power. Electron.,
vol. 23, no. 6, pp. 2905-2914, 2008.

B. Zhao, Q. Song, W. Liu, and W. Sun, “Current-stress-optimized
switching strategy of isolated bidirectional dc—dc converter with dual-
phase-shift control,” IEEE Trans. Ind. Electron., vol. 60, no. 10, pp.
4458-4467, 2013.

B. Zhao, Q. Song, and W. Liu, “Efficiency characterization and op-

timization of isolated bidirectional dc—dc converter based on dual-
phase-shift control for dc distribution application,” IEEE Trans. Power.

Electron., vol. 28, no. 4, pp. 1711-1727, 2013.

F. Krismer and J. W. Kolar, “Efficiency-optimized high-current dual
active bridge converter for automotive applications,” IEEE Trans. Ind.
Electron., vol. 59, no. 7, pp. 2745-2760, 2012.

L. Corradini, D. Seltzer, D. Bloomquist, R. Zane, D. Maksimovic¢, and
B. Jacobson, “Minimum current operation of bidirectional dual-bridge
series resonant dc/dc converters,” IEEE Trans. Power. Electron., vol. 27,
no. 7, pp. 3266-3276, 2012.

K. Wu, C. W. de Silva, and W. G. Dunford, “Stability analysis of isolated
bidirectional dual active full-bridge dc—dc converter with triple phase-
shift control,” IEEE Trans. Power. Electron., vol. 27, no. 4, pp. 2007—
2017, 2012.

G. Ortiz, L. Fassler, J. W. Kolar, and O. Apeldoorn, “Flux balancing
of isolation transformers and application of “the magnetic ear” for
closed-loop volt—second compensation,” IEEE Transactions on Power
Electronics, vol. 29, no. 8, pp. 4078-4090, 2014.

[13]

[14]

[15]

[16]

[17]

[18]

B. Zhao, Q. Song, W. Liu, and Y. Zhao, “Transient dc bias and current
impact effects of high-frequency-isolated bidirectional dc—dc converter
in practice,” IEEE Transactions on Power Electronics, vol. 31, no. 4,
pp. 3203-3216, 2016.

S.-T. Lin, X. Li, C. Sun, and Y. Tang, “Fast transient control for
power adjustment in a dual-active-bridge converter,” Electronics Letters,
vol. 53, no. 16, pp. 1130-1132, 2017.

K. Takagi and H. Fujita, “Dynamic control and performance of a dual-
active-bridge dc—dc converter,” IEEE Transactions on Power Electron-
ics, vol. 33, no. 9, pp. 7858-7866, 2018.

Z. Wang, J. Chai, and X. Sun, “Method to control flux balancing of
high-frequency transformers in dual active bridge dc—dc converters,”
The Journal of Engineering, vol. 2018, no. 17, pp. 1835-1843, 2018.
A. K. Bhattacharjee, S. M. Tayebi, and 1. Batarseh, “Fast response dual
active bridge converter with elimination of transient dc offset by inter-
mediate asymmetric modulation,” in 2018 IEEE Energy Conversion
Congress and Exposition (ECCE). 1EEE, 2018, pp. 637-642.

T. Instruments, “Tms320x2833x, 2823x enhanced pulse width modula-
tor (epwm) module reference guide,” literature number: SPRUG04A,
20009.



Vol 3 (2) (2022) ]
TOAGRY

IEU KHIEN 5 T BONB HOA

M@ Measurement, Control, and Automation

Website: https:// mca-journal.org

ISSN 1859-0551

Picéu khién t6i wu phu tii dién khi c6 su tham gia clia ngudn ning lwong mit troi,
nang lwgng gi6 ket noi ludi

Optimal load control with the connection of solar energy and wind energy sources
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Abstract

This paper uses an artificial neural network to predict the generating capacity of a solar panel, wind turbine, the consumption capacity of the
electrical load and the electricity grid price. Then use genetic algorithm and particle swarm optimization to turn on/off of the electrical load
to ensure that the nodes voltage and branches current of the low voltage grid are within the allowable range. And ensure that the total cost of
selling electricity to the grid from the solar panel and wind turbine minus the total cost of buying electricity from the grid to supply the load
is the maximum. This paper also proposes a solution to use smart electric vehicle charging to supply power to the load in case of grid power
failure and using monte carlo simulation to calculate the reliability of the grid.

Keywords: Artificial Neural network, Genetic algorithm, Wind power, Solar power, Control Low Voltage Grid, Particle
swarm optimization, mote carlo simulation

Ky higu S kVA Cong suét phic toan phan
Ky hiéu Pon vi Y nghia va tn that cong suat phuc
IW, LW, W Véc to trong s6. toan phan trén dudng day.
o,D Véc to dau ra theo tinh toan S.e:S.e  kVA Cong suat phiac cua tai

ciia mang no ron va véc to (khong diéu khién duoc-

dau ra thyc té. LUC va diéu khién duoc
X Véc to dau vao mang no LC).

ron. Sy kVA Cong suat phic phét cua
djm Gid tri dau ra thir j twong gian pin mat troi.

g cua mang tng véi cap Sur kVA Cong suat phuc phat cua

mau thir m trong tap so liéu tua bin gio.

mau. Z,R, X Q Téng tro, Dién tro, Dién
Oj,m Gia tri dau ra tht j cua khang cua duong day.

mang khi tinh toan vai cac U, Unax, V Dién ap, Dién &p 16n nht,

gié tri dau vao ung véi cap Unin Dién &p nho nhét caa nat

mau thtr m trong tap sé liéu I, Imax A Cuong d6 dong dién,

mau va trong s6 cua mang. Cuong d6 dong dién lon
Wis1, Wi Gia tri trong sb trugc va nhét trén duong day.

sau khi cap nhat. P,Q kW, Cong suét tac dung, Cong
J Ma tran Jacobian 1a dao kVAR suét phan khang.

ham cua ham muc tiéu E PRGR(t) ddng/kW  Gia mua dién tir ludi tai

theo céc gia tri trong s6 cua diém t trong nira gio.

mang. PRPV(t) dong/kW  Gia ban dién tir gian pin
I Ma tran don vi. mat troi 1én ludi tai diém t
I Hé s6 két hop, luén duong. trong nira gio.
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PRWT(t) ddng/kW  Gia ban dién tir tua bin gié
lén luéi tai diém t trong
nira gio.

Cong suat cua phu tai dién
tai nat the i khong diéu
khién duoc va didu khién
duoc tai diém t (sé liéu
duwoc dy bao 30 phat/l
1an). Véi phuy tai dién diéu
khién duoc thi thoi diém
ndo phu tai d6 doéng thi
PLCi(t) = PLCmax; con
thoi diém phu tai dién do
khong dugc dong thi
PLCi(t)=0.

Cong suit phat cua gian
pin tai nat thir i tai diém t
(s6 lidu duoc du béo 30
phat/1 lan)

Cong suét phat caa tua bin
gi6 tai nat thy i tai diém t
(s6 liéu duoc du bao 30
phat/1 1an)

Thoi diém dong tai, thoi
diém duoc phép bit dau va
két thuc dong tai.

PILUC(t), kW
PiLC(t)

PIPV/(t) kW

PIWT(t) kW

ti y tiend, tistart h

At h Thoi gian mat dién.
Pchimax kW Cong suit sac 16n nhat
techi h Thoi diém nguoi s dung
du kién lay xe da sac xong
A kWh Dbién nang cua pin xe dién
Chir viét tit
NST Nhi&m séc thé
ANN Acrtificial Neural network
GA Genetic algorithm
uc Phu tai khong diéu khién duoc.
C Phu tai diéu khién duoc.
PV Ngudn dién la gian pin mat troi néi voi
luéi dien.
WT Ngudn dién 12 tua bin gi6 ni véi ludi
dién
dayfo Ngay du bao
Tém tit

Bai bao nghién ciru sir dung mang no ron nhan tao dé du bao cong
suit phat cua gian pin mat troi, caa tua bin gi6, cong suét tiéu thy cua
phu tai dién, gia dién trong thi truong phat dién canh tranh. Tir d6 str
dung thuat toan di truyén thuat toan bay dan dé diéu khién dong cit
cac phy tai diéu khién duogc sao cho dién 4p nut va dong dién nhanh
nam trong gia tri cho phép dong thoi tdi da chi phi ban dién 1én lugi
tir gian pin mat troi, tua bin gio trir di chi phi mua dién tir ludi cung
c4p cho phu tai. Bai bao ciing d& xuat giai phap sir dung sac xe dién
thong minh dé cung cdp dién cho phu tai trong trudng hop mét dién
lu6i va st dung thuat toan Monte Carlo dé so sanh do tin cay cung
cép dién.

1. Piatvan dé

Hién nay, gia dau tu cac gian pin mit troi va tua bin gio da
giam di kha nhiéu. Ddng thoi cac cong ty Bién lyc ciing da
cho phép céc ho tidu thu ¢ thé dau tu gian pin mat troi, tua
bin gi6 dé phat di¢n str dung va ban dién 1én ludi. Do do cac
phu tai c6 lap dat thém gian pin mat troi hoac tuabin gié ngay
cang nhiéu. Tuy nhién khi luéi dién ha ap c6 thém cac nguon
nang lugng gio, nang luong mat troi phat dién truc tiép 1en
ludi thi s& xdy ra hién tugng la khi cong suat phu tai giam thap
ma cong suat phat cua cac nguon niang luong tai tao (nang
luorng gi6, niang lugng mat troi) ting cao s& dan téi dién ap tai
mot s6 nat ting cao hon gia tri cho phép 1am cho céc gian pin,

tua bin gi6 ty dong tach ra va khong phat duge dién 1én ludi.

Ngoai ra trong mot s6 truong hop, dong dién chay trén cac
dudng day truyén tai cd thé cao hon gia tri dong dién cho phép
gay qua tai duong day.

Dong thoi ta cling nhan thiy rang cac phu tai hién nay ngoai
nhiing phu tai khong diéu khién dugc thi ta con c6 nhiing phu
tai diéu khién duoc va khong bat budc ding dién ngay luc do
ma cd thé doi khoang thai gian str dung. Do d6 ta sé& diéu khién
dong/cat cac phu tai ¢6 mot cach phi hop dé c6 thé 6n dinh
dién &p gilp cho gian pin, tuabin gi6 khong bi ngit ra khoi
ludi tranh qué tai dong dién truyén tai trén duong day va ti
uu hoa tién dién ban 1én ludi tir cac gian pin mat troi, tuabin
gi6 va tién dién mua tir ludi cung cap cho phu tai.

Trong cac phu tai ¢6 thé didu khién duoc, sac xe dién 1a mot
trong nhiing phu tai rat I6n va ngay cang pho bién. Ngoai ra,

xe dién con ¢6 bd pin luu trit nang lugng 16n va co thé tan
dung dé phat dién qua bo sac cap ngudn cho phu tai trong
truong hop mét dién ludi.

C6 nhiéu nghién ctiu vé viéc du béo cong suét phét cua gian
pin mat troi, tua bin gié, céng suit tiéu thu cua phu tai dién va
gia dién nhu nghién ctu [7,11-14] st dung mang no ron nhan
tao ANN dé du bao mat do burc xa ning luong mit troi, cong
Sudt phét ciia gian pin mat troi. Hay nhu nghién ciru [9, 17,18]
str dung mang no ron nhén tao va md hinh ARIMA dé dy b4o
cong suit phat cua tua bin gi6. Nghién ciru [8,11,12,15,16] st
dung logic m& va mang no ron nhén tao dé dy bao cong suit
tiéu thu cua phu tai dién, gia mua ban dién trong thi truong
phat dién canh tranh. Ngoal nhitng nghién ctu du bao cong
SUAt va  gid dién cling 6 nhiéu nghién ctu sir dung thuat toan
di truyén, thuat toan bay dan dé diéu khién sac/xa cho b luu
trir dién, diéu khién cac phu tai diéu khién duoc nhu bom
nuéc, binh néng lanh...dé toi wu hoa ludi dién ha ap, cao ap,
ludi dién tan sb cao [1,2,10,19]. Nghién cau [20] su dung
thuét toan Monte Carlo dé danh gia do tin cay cung cép dién.

Sau khi tim hiéu vé nhitng nghién ctiu trén thé giéi ciing nhu
yéu cau thuc té vé ludi dién ha &p & Viét Nam, nghién cuu s&
str dung mang no ron dé dy bao cong suat phat cua gian pin
mat troi, cua tua bin gi6, cong suit tiéu thu caa phuy tai dién
va gid mua ban dién trong thi truong phat dién canh tranh
trong tuong lai. Tir nhitng s6 liéu du bao dugc s& sir dung thuat
toan di truyén, thuat toan bay dan dé diéu khién dong/cit cac
phu tai diéu khién dugc nhu bom nuéc, sac xe dién. .. dé diéu
khién dong cét tai toi wu, giam chi phi mua dién tir lugi. Dong
thoi nghién ciru cling dé xuit bo sac xe dign théng minh ¢6
thé tan dung pin cua xe dién dé cip dién cho phu tai khi mat
ngudn dién ludi va sir dung thuat todn Monte Carlo dé so sanh
thoi gian mét dién trung binh trong nam.
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Trong nghién ctiru nay, md hinh ta sir dung la pha A cua luéi
dién ha &p 0,4kV lay tir tram bién &p 22/0,4 kV cong suat
560kVVA bao gom 10 phu tai. Trong cac phu tdi déu co céc tai
diéu khién duoc, khong diéu khién dugc, gian pin mat troi va
tuabin gi6 nhu sau:

A 22kv A ob o Lo @
0,4kV/
B B
C
c N
C C C
PV [PV] PV
L1 L2 L10

Hinh 1: So d5 mé hinh luéi dién ha ap

Dé giai quyét bai toan diéu khién phu tai nhiam tbi wu hoa chi
phi gdm chi phi ban dién tir céc gian pin, tua bin gi6 va chi
phi mua dién tir ludi ta dé xuat mo hinh nhu hinh vé 2 trong
d6 gom 2 khéi 1a khéi du béo va khéi diéu khién:

e Khdi du bao: bao gdbm cac mang no ron nhan tao (ANN)
st dung cac s6 liéu thu thap dugc tir qua khtr dé dao tao
va du bdo cong sudt phat clia gian pin mat troi, tua bin
gid, cong suét tiéu thy cua phu tai, gia dién mua tur ludi.
MJbi mang no ron nhén tao (ANN) goém 48 dau ra tuong
g vai cong suat phat clia gian pin, tua bin gié/cong suét
tiéu thu cua phu tai, gia dién ludi tai cac thoi diém: 0h0O0,
0h30...23h30 cia ngay tiép theo.

e Khbi diéu khién: Tir nhimng két qua du bao cong suit phat
clia gian pin, cong sudt phat ctia tua bin gio, cong suét tiéu
thyu cta phu tai dién, gia dién trong ngay tiép theo khéi
didu khién s& sir dung thuat toan di truyén (GA), thuét
toan bay dan (PSO) dé diéu khién dong/cit cac phu tai
diéu khién duoc vé6i cac muc tiéu:

+ Pam bao dién ap tai cac nut, dong dién trén duong day
nam trong gia tri cho phép.

+ Tbi da hoa loi nhuan: téng tién ban dién 1én ludi tr gian
pin mit troi va tuabin gié — tong tién dién tiéu thy cta phy
tai.

Lich sir Lich sir Lich su
cong sudt| [$2 i cng sudt t'tt]my ticu Lich sir
phit ciia pht cia I:‘Cf’? gia dién
gidn pin tua bin gi6) phy @i
dién
‘ ANN PV ‘ | ANN WT | | ANN LUC | l ANN GPr I
D béo cong suit phit Dy bio cang sut phit Dyr bio cdng suit tiéu L .
CoLL TS © = . : P, Du béo gid dién tai cic
cla gian pin tai cdc cua tua bin gio tai cic thu cua phy tai dién tai h' did N
thési dié

cdc thoi diém:
0h00,0h30...23h30

thai diém:
0h00,0h30...23h30

thoi diém:

0h00,0h30...23h30 0h00,0h30...23h30

i Sir dung thuit todn di truyén (GA), thut toan bay dan (PSO) dé dicu khién toi wu ‘

’ Tin higu diéu khién déng/cit céc phy tii didu khién duge

KHOI PIEU KHIEN
Hinh 2: So d6 du bao va diéu khién lu6i dién

So do diéu khién Iudi dién ha ap va hé thong truyén thong
didu khién cac phu tai dién cua lu6i nhu so d6 sau:

COMPUTER| _INTERNET(WIFI4GI5G) 1
***** —|ON/OFF ONJ/OFF ON/OFF]
o o o
|1 Lc1 Lc2 LC10
L ]

Hinh 3: So d truyén théng diéu khién dong/cit phu tai dién

Trong d6 cac bo diéu khién ON/OFF tai cac phu tai diéu khién
dugc LCi ¢ cac chire nang sau:

+ Két ndi v6i may tinh trung tdm qua mang Internet dé nhan
tin higu diéu khién dong cat phy tai

+ Ty dong diéu khién dong/cat phy tai trong khoang thoi gian
cho phép khi dién ap tai nat d6 nam ngoai gié tri cho phép.

2. Ung dung mang no ron nhin tao, thuit toan
di truyén (GA) va thuét toan bay dan (PSO)
deé dieu khién toi wu phu taii

2.1. Ung dung mang no ron nhan tao trong du bao

2.1.1. Tim hiéu vé mang no ron truyén thing nhiéu lop va
thudt todan Levenberg-Marquardt dé dao tao mang no
ron truyén thang

Mang no ron nhén tao (Artificial Neural Networks) dugc xay
dung dua trén cau tric cia bo ndo con ngudi, gitp ta dua ra
mot phuong phap méi trong linh vuc tiép can hé thng théng
tin. Mang no ron nhén tao ¢6 thé thyc hign céc bai toan nhan
biét, phan loai mau, t6i wu, nhan dang, diéu khién va du bao.
Trong bai toan du bao cong suit phat cua cac ngudn dién gi6,
dién mat troi, cong suat tidu thu cua phu tai dién va gia dién
ta sir dung md hinh mang no ron truyén thang 2 16p gém r dau
VA0 [X1, Xz, ...xr], t du ra [01,02 ...0{] V& c6 s no ron 16p 4n nhu
sau:

W LW

Lm

Hinh 4: M6 hinh mang no ron lan truyén thing 2 16p

Céc ham truyén trong 16p 4n va I6p dau ra lan luot la fO=log-
sig (a®) va f@ = purelin (a®) .

Matran trong s6 cua lop dau vao 1a IW, cua lop an 13 LW gom
cac trong sb wij nhu hinh v&. Matran O dauracua mang dugc
tinh nhu sau:

O=f® LW.f@ W X WP +W? (1)

Viéc dao tao mang la tinh gia tri cac trong s6 wij cua mang
sa0 cho ham muc tiéu binh phuong sai s6 giira cac gia tri dau
ra theo tinh to&n cua mang (O) va cac gia tri dau ra cua bo sb
liu mau (D) dat gid tri nho nhit nhu sau:
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E(X, W)—f Zzejm @)

m=1 j=1
Ldi cia qua trinh dao tao gitra dau ra j va céc gia tri ung véi
dau vao cap mau thar m dugc xac dinh nhu sau:

ej,m:dj,m 7Oj,m (3)
C6 nhiéu thuat toan dé dao tao mang no ron, ¢ day ta sir dung
thuat toan Levenberg-Marquardt vGi luat cap nhat trong s
nhu sau:

-1
W +pml Je 4)

Dé cap nhat duoc trong s ta phai tinh duoc ma tran Jacobian
(J) 1a dao ham cuaa ham 13i theo trong sé. Qué trinh tinh toan
ma tran Jacobian (J) s& gom 2 qua trinh

+ Qué trinh tinh toan theo chiéu thuan: Tir s6 liéu dau vao X
ta tinh duoc gia tri dau ra O cua mang

+ Qué trinh lan truyén nguoc: So sanh gia tri diu ra O va gia
tri dau ra cua bo sb liéu mau D ta tinh nguoc lai vé phia dau
vao. Tir d6 ta tim duoc gié tri cap nhat cho trong sd.

So d6 thuat toan ddo tao mang nhu hinh duéi:

W =W —

Diing

Sai m=m+1

p=p/mu_deciwi=wy.,

p=p.mu_inc

Lay gié trj wy cll

Hinh 5: Pao tao mang no ron truyén thing sir dung thuét todn Levenberg-
Marquadt

2.1.2. Xay dung bg loc tich hop cho mang no ron dé ting
do chinh xdc cua bai todn dw bdo

Cong suét phat cua giai pin mat troi, tua bin gié phu thudc rat
I6n vao trang thai thoi tiét. Do d6, nghién ciru dé xuat mo hinh
két hop mang no ron nhan tao va bd loc dé ting do chinh xéac
cua du béo.

o
(ﬁ\/l’\dNP) Filter P dayfo
N PVIWT
dayfo
Weather —» max
Pre ave
Filter
P min
PV/WT (traindata)—

Hinh 6: M6 hinh mang no ron két hop bo loc

Trong md hinh nay, ngoai viéc sir dung mang no ron truyén
thang 2 16p dé du béo cong suat phat cia gian pin mat troi
hoac tuabin gié. M hinh con tich hop thém bd loc (filter) phia
sau dau ra caa mang no ron nham hiéu chinh lai két qua dy
bo. Bo loc gom 2 khéi chinh sau:

+ Khdi chuan bj dit liéu (pre filter): Dau vao cia khdi gom du
bao trang thai thoi tiét cua thoi diém du bdo, cong suat phat
ctia gian pin mit troi, tua bin gio va trang thai thoi tiét cua bo

s6 liéu sir dung cho dao tao Mang no ron. Dau ra cua khbi la
cdng suét phat 16n nhat, cong suit phat nho nhat, céng suat
phat trung binh cua cling thoi diém va cling trang thai thoi tiét
vé6i thoi diém va trang thai thoi tiét caa cong suat can dy bao.
+ Khéi loc dit liéu (filters): Dau vao cua khbi gom cong suit
I6n nhét, cong suat nho nhat, cong sut trung binh tir khéi
chuan bi dit liéu va cong suat dy b&o tir mang no ron nhan tao.
Khbi s& so sanh cong suét du bao vai cong suat Ién nhit, nho
nhat dé khong léch quéa khoi gisi han d6. Dong thoi két hop
VGi cong suat trung binh dé hidu chinh két qua dy béo.

2.1.3. Ap dung mang no ron truyén thing 2 lép cho bai
todn du bdo

1. Du bao cong suat phét cua gian pin mat troi va tua bin
gio

Cong suat phat cua glan pin mat troi va tuabin gi6 phu thudc
nhiéu vao céc yeu t6 thoi tiét, cong suat phat cua qua khu do
d6, dua vao sb lieu thu thap dugc ta dé xuat cac mo hinh sir
dung cho du b4o cong suit phét cua gian pin mat troi va tuabin
gi6 nhu sau:

+ M6 hinh 1: Sir dung 1 mang no ron c6 48 dau vao tuong
g véi cong suit phat cua gian pin/tua bin gié trudc ngay du
béo va 48 dau ra twong (g véi cong suat phat vao ngay du
béo

dayfo-1 day fo
PPVNVT(Oh) oy > PPV/\NT(Oh)
PPV/WT(Oh?,O)H ANN — PPV/WT(Oh3O)
| Py |©
® ()
] e
PPV/\NT(23h30)H L PPV/\NT(23h30)

Hinh 7: M6 hinh 1 sir dung mang no ron nhan tao dé du bao cong suat phét
cua gian pin mat troi hoac tuabin gié
+ M6 hinh 2: Sir dung 48 mang no ron c¢6 1 diu vao tuong
{tng v&i cdng suit phat cua gian pin/tua bin gié trudc ngay du
bao va 1 dau ra twong tng vai cong suat phat vao ngay du bao
tai cung 1 thoi diém
dayfo-1 day fo

ANN

— Pevmr(on
(MLP) o

PPV/WT(Oh)

ANN

N PPVNVT(OhSO)
(MLP)

PPV/WT(Oh3O)

ANN
(MLP)

I:)PV/WT(23h30) —> I:)PVANT(23h3O)

Hinh 8: M6 hinh 2 sir dung mang no ron nhén tao dé du bao cong sut phat
cua gian pin mat troi hodc tuabin gio
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+ Mb hinh 3: Str dung 48 mang no ron c6 2 dau vao tuong
g vai cong suat phét caa gian pin/tua bin gi6 trudc ngay du
béo va sé liéu vé dic diém dy béo thoi tiét cua ngay du bao. 1
dau ra trong tng véi cong suat phat vao ngay du béo tai cling
1 thoi diém

dayfo-1
Povmron) — AN o dayfo
s » PovwT(oh
Weather(Oh) _’Iﬂ (Oh)
dayfo-1
PV/WT(0h30) —¥  ANN pdayfo
dayfo >
Weather(0h30) —» (MLP) PV/WT(0h30)
]
]
dayfo-1 ®
PVIWT(23h30) —¥  ANN Pdayfo
“m > Fpvwr(2ah
Weather(23h30) —¥ (MLP) /WT(23h30)

Hinh 9: M6 hinh 3 sir dung mang no ron nhén tao dé du bao cong suit phét
cua gian pin mat troi hodc tuabin gié
+ M6 hinh 4: Sir dung 48 mang no ron c6 tich hop bd loc (trinh
bay & muc 2.1.2) véi dau vao ciia mang no ron tuong tng Vai
cong suat phat cua gian pin/tua bin gié truéc ngay du béo va
sb lidu vé dac diém duy bao thoi tiét cua ngay du bao. 1 dau ra
tuong (g voi cong suat phat vao ngay du béo tai cling 1 thoi
diém.
dayfo-1
PV/WT(0h) —H)

ANN dayfo
(MLP) — Povmrion)

Filter

dayfo
Weather(0h) —3

dayfo
Weather(0h) max
Pre
Filter

PPV/\NT(traindata—Oh)—i

dayfo-1
PV/WT(0h30) —H

ANN
(MLP)

dayfo

Filter PPV/\NT(Oh30)

dayfo
Weather(0h30) —H

dayfo
Weather(0h30) max
Pre
Filter

min

F%V/\NT('[ra\indatal-OhSO) —

°

°

°
dayfo-1

PV/WT(23h30) —H

ANN

dayfo
’ PPV/WT(23h30)

dayfo
Weather(23h30) —H

dayfo
Weather(23h30) max
Pre
Filter

I:’PV/WT(traindata—23h30) —

Hinh 10: Mb hinh 4 sir dung mang no ron nhan tao dé du b4o cong suit
phét cua gian pin mat troi hoac tuabin gid
2. Du béo cong suat tiéu thu cua phu tai dién va gia ban dién
tr luoi

Cong suat tiéu thy va gia dién thuong lién quan dén cong suat
sir dung, gia dién ngay trudc d6 va ngay tuong (ing vai tuan
trude do. T do ta @€ xuat mot s6 méd hinh sau:

+ Mb hinh 1: Str dung 1 mang no ron c6 48 dau vao tuong
ng véi cong suat tiéu thu cua phu tai/gia dién truéc ngay du
béo va 48 dau ra tuong tng voi cong suat tiéu thy cua phu
tai/gia dién vao ngay du bao.

dayfo-1 day fo
P1/Pr(0h) —  PI/Pr(0h)
P1/Pr(0h30) —>  PI/Pr(0h30)
ANN

(] [}

® (MLP) | o

e ()
P1/Pr(23h30) —>  PI/Pr(23h30)

Hinh 11: Mb hinh 1 sir dung mang no ron nhéan tao dé du bao cong suit tiéu
thu cua phu tai dién hoic gia mua tir lugi dién
+ M6 hinh 2: Sir dung 48 mang no ron c¢6 1 diu vao tuong
ng Vi cong suat tiéu thu cua phu tdi/gia dién truéc ngay du
béo va 1 dau ra twong ttng véi cbng suat tiéu thy/ gia dién
tuong ung vao ngay du bao tai cung 1 thoi diém
dayfo-1 day fo

ANN

(MLP) —

PI/Pr(0h) P1/Pr(0h)

ANN

PI/Pr(0h30) WLP)

—>  PI/Pr(0h30)

ANN

L » PI/Pr(23h30
(MLP) (23n30)

PI/Pr(23h30)

Hinh 12: Mb hinh 2 sir dung mang no ron nhén tao dé dy béo cong suét tiéu
thu cua phu tai dién hoac gid mua tir lugi dién

+ M6 hinh 3: Sir dung 48 mang no ron c¢6 2 du vao tuong

{tng vai cong suét tidu thu caa phuy tai/gia dién trudc ngay du

bao va cong suit tiéu thu cua phu tai/gia dién truée ngay du

bao 7 ngay (ngay twong ing cua tuan trudce) tai cung 1 thoi

diém.

dayfo-1
PIPr(0n)  —¥  ANN —anfF?I/P (Oh)
o-7 r
4 PI/Pr(Oh) —» )
ayfo-1
PI/Pr(0h30) —  ANN _gayfgup (0h30)
dayfo-7 r
" Pupr(ons) —y  M-P)
@
@
@
dayfo-1
PI/Pr(23n30) —&  ANN —anfF?I/P (23h30)
ayfo-7 r
pi/pr(23ha0) —_ (MEP)
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Hinh 13: Mb hinh 3 sir dung mang no ron nhén tao dé du bao céng suit tiéu
thu cua phu tai dién hoac gia mua tir lugi dién

2.2. Thuat toan diéu khién téi wu phu tai dién
2.2.1. Xay dwng thudt todn diéu khién ti

1. Tinh toan dién ap nit va dong dién nhanh trong ludi dién
1 pha

Dé giam khoi lugng tinh toan khi tinh dién 4p, dong dién va

cong suat truyen tdi cua ludi dién ha ap 1 pha ta s dung so

d6 thay thé sau:

0 So1 Lo %-11 Sz Seto Zoo &Mol 0

S, S

Hinh 14: So db thay thé khi tinh lu6i dién ha ap 1 pha

Cong suat tai niit c6 phu tai dién diéu khién dugc, phu tai dién
khong diéu khién dugc, gian pin mat troi, tua bin gié dugc
tinh nhu sau:

S=S,c+S.-S —

S =Sie +5ic ~Sev —Swr (5)

Nut 0 1a nat co s, dién ap thuong duoc dat ¢b dinh 1a 220V.
Tir cong suat phu tai tai cac nut, dién tro va dién khang duong
day ta tinh dwoc dién &p tai cac ndt con lai va cong suat truyén
tai trén duong day.

2. Xay dyng bai toan diéu khién déng/cét tai

Bai toan dit ra 1a diéu khién thoi diém dong/cit tai didu khién
dugc dé ham muyc tiéu cua bai toan 12 téng chi ban dién 1én
lui tir gian pin mat troi va tua bin gié trir di tong chi phi mua
dién mua dién tir lugi trong 1 ngay phai lon nhat.

PR, (t).P,, (t) + PR (t).P,. (t)
f= 6
max[(z;lz;[ PR, (t). P, () +P (1) ]]()

Cac rang buoc: ) )
+ Dién ap tai cac ndt 1-10 & tat ca cac thoi diém trong ngay:
Umin SUl SUmax (7)

+ Cuong do dong dién chay trén dwong day 0-10 & tat ca céc
thoi diém trong ngay:

Ii—lﬂi S Imaxiflai (8)
+ Thoi diém dong phu tai diéu khién duoc phai nam trong gii
han thoi diém dong/cat cua phu tai dién:

tlstan S tl S t|end (9)

2.2.2. Ap dung thudt todn di truyén (GA) dé diéu khién t6i
wu tdi

Thuat toan di truyén (Genetic Algorithm, viét tat 1a GA) la
giai thuat tim kiém, chon lya c4c giai phap tdi wu dé giai quyét
cac bai toan khac nhau dya trén co ché chon loc tu nhién cua
nganh di truyén hoc. Thuat toan di truyén thuc hién viéc tim
kiém song song trén mot tap duoc goi la quan thé cac loi giai
cu thé.

Thuat toan di truyén dwoc thuc hién theo cac budc sau:

+ M4 héa 10i giai thanh ca thé dang chudi va tao quan thé cac
16i giai.

+ Xay dung ham xac dinh gia tri d6 phu hop dua trén ham
muc tiéu.

+ Todn ttr chon loc cac ca thé bé me.

+ Toan tur lai ghép.
+ Toép tor dot bien. ) )
+ Chién lugc thay thé cac toan tir con thay cho toan tir bé me.

So d6 thuat toan di truyén cho bai toan diéu khién tai téi wu
cua nhu sau:

i) Tinh do dai NST m
umu_nmmf"dlr"ururr) lima=2™ c=1y.11;

!

popsize NST. Tir NST; == t; dong tai == Tinh dién ap
niit, dong dién nhanh. Kiém tra NST (thoa mén CT 7,8,9). Chon pe,pm

!

J'a'i,r(_)r_ié trinh chon loc: Tirrﬁ_l ham muc tiéu f; (CT6) ciia NST. Tinh
tong thich nghi toan thé F=Y f; tinh xdc suat chon p~f/F

1

iii) Tao 56 rrg.n:fu nhién r«=rand(1). Chon

ii)Tao qua:'u .rhc;-go:m n

NST i néu g,.;<r<g; GJ'!:‘_
nguyén
iL qun
thé

NST
cii

iv)Qua trinh lai ghép:Tao s6 ngdu nhién re=rand(1).

Néu pe<refi) == Chon NST i dé lai ghép

!

iv)pos=randi(l,m-1). rh,b_x..brmhmﬂ..bmj v (€102 Cpal s p-Cm)
== (bbb Cm) Ve (CiC2 Cpad o p D)

!

v)Qua trinh dot bién: Tao 56 ngr?u nhién rm=rand(1). Néu

s pet past

For= P == Dt bién bit do tir 0=>1 va nguoe lai

- ir NST; == t; dong tai == Tinh di¢n ap
< niit va dong dién nhanh. Kiém tra cdc
“~_NST mdi cé ddam béo diéu kién (CT.7,8,

T

Khing

Tinh foay

. N5Tjinax

Hgi tu =
—

Ca

Jnax » V5 Tjimax
Hinh 15: Thuat toan di truy&n cho bai toan tdi wru diéu khién tai

2.2.3. Ap dung thudt todn bay dan (PSO) dé diéu khién toi
wu tdai

Thuat toan bay dan (PSO) 1a mot thuat toan téi vu hoa phi
tuyén ngau nhién duoc dé xuat boi Kenedy va Eberhart vao
nam 1995. Thuéat toan dua trén mo hinh héa viéc dan chim di
tim kiém thirc an nham dat dwoc gié tri t5i wu nhit trong mién
tim kiém. So d6 thuat toan bay dan cho bai toan diéu khién tai
t6i wu nhu sau:
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LAN/WIFI/AG
Tao qzm:n .’hsfg(jm ne €l thé ¢ L= it rand(1). (G a-timi), van tée | —l
vg=rand(1). (tatimin). Tt ty; dong tai == tinh dién dp mit, dong dién
nhdnh. Kiém tra cd thé (théa man CT. 7.8). Chon ¢, Cmar. | |
Tinh ham mue tiéu f; (CT6) etia cd thé. So sanh g va fr"w tim | @
cure tri dia p.ﬂm(mgfpmm v T !mmg ing clia ca thé. So sanh GRID |} @"ﬂ @ DC/AC
thong tin cdc cuee tri cua cdc cad lbé. khdie tr men tei tim dieore cue 2ovac 7 @ N IN\ZIZEVBAICEH
tri todn cue mai jgnm va T, teong img. % © AQ
. lL , LOAD AC/DC| . |evearrery
Tinh vdn tac va vi tri méi cia ed thé: 220V-AC EV CHARGER é) be
Vi =C 1 Vlieig+ Cmar. r{mdﬁ}.ﬂ fMu)+(_nm\'.l'ﬂ"df’j’}.(fﬂ-—!uﬁ} ] ZOVAC
limii = ’uu Vlimgi ) s - z
| Hinh 17: So do bo sac xe dién thong minh cap do 3.
. : ‘ : o sa , ’ . \ . A A IO 7 -' 5
Tao Nghién ctru tinh toan trudng hop khi mat nguon dién ludi, sir
Kiém tra néu ca the di ra ngr)d:'p.l'rr_mr vi tim kiem: ‘ﬂ': d , d ~ , d N 3 d,{ Ve d ~ h 1 , - t

V=07 1=t RO G by V=07 5= iy RO Gt i ”'(‘" u‘ng CaC SaC Xe N 1en mu’s Y e’,\cuvng Ca’p I?H C 0 lﬁcl rogg

e thoi gian sira chira. So d6 thay thé caa luéi dién khi mat nguon

thé dién ludi va sac xe dién st dung ning lugng tich trir trong pin

%_{mdéu‘g tai == Tinh dién ap mit va -

- dong dién nhdnh. Kiém tra cac NST moi
¢6 dam bao diéu kién (CT.7,8)

Khong

Khing

T T
Hgi tu /
—

Co

Hinh 16: Thuat toan béy dan cho bai toan t&i wu diéu khién tai

2.3. Sir dung sac xe di¢n théng minh dé cip dién cho
phu tai khi mat nguon dién lwoi

2.3.1. Pé xudt gidi phdp b sac xe di¢n thong minh hé tro
dieu khién hé thong dién

Trong cac phu tai dién hién nay, viéc sac xe dién la mot trong
nhitng phu tai dién duoc phat trién rat manh dac biét 1a sac
cho xe 6 t6 dién. Tuy nhién viéc diéu khién sac hd tro viéc on
dinh ludi dién chwa dugc tinh t6i. Do do, xét vé mat hd trg
luéi dién, nghién ciru chia ra cac muic d6 hd trg nhu sau:

+ Mirc do 0: Chi ¢ chire niang sac xe va khdng co két nbi diéu
khién tir lugi dién.

+ Mtrc d6 1: Ngoai chire ning sac xe con c6 chirc nang diéu
khién déng/cét sac tir ludi dién qua internet.

+ Mirc d6 2: Ngoai chtre nang diéu khién dong/cit con c6 kha
nang didu khién cong suat sac.

+ Mtrc d6 3: Thém chirc ning sir dung pin cua xe dién bién
d6i thanh ngudn dién xoay chiéu cung cp cho luéi dién khi
nguon dién ludi bi mat. Trong so dd nguyén ly & hinh 17,
thong thuong, bo sac s& Ia‘iy dién tir lu6i dign cung cap cho pin
xe dién (1). Qua trinh nay c6 thé diéu khlen dong/cit va thay
doi cong Suit sac qua internet. Khi ludi mat dién, bo sac s& lay
nguon tir pin xe dién va cap dién cho phu tai (2).

ctia xe dé cap dién cho phu tai nhu sau:

0 _— 1 57172 §9—10 ;dgao 7'9—1(} 0
gcharge gcharge
-+ +
gﬁv S Luc %}v S Luc
+ = + =
§WT §WT

Hinh 18: So db thay thé lusi dién khi mét nguon dién ludi va sir dung bo
sac Xe dién thdng minh cung cap dién cho phu tai.
Tai cac n(t cd két ndi bo sac mirc d6 3, cac bo sac sir dung pin
xe dién va phat céng suat 1én ludi, cong suat tai cac nat s&
duogc tinh nhu sau:
§ = SLUC -3

S ~ e~ Sur (10)
Thuat toan dé diéu khién cac bo sac cung cép dién cho phuy tai
khi mat dién lugi dam bao khi lay xe tai thoi diém dat trude,
dung lugng pin xe s& dat 100% nhu sau:
+ Gia sir thoi gian mat dién ludi 1a At tir thoi diém t; dén thoi
diém t; + At. Tong cong suét phu tai dién lac do 1a Preys
P (t;+at)- Dién nang can thiét dé cung cép cho phu tai dién
la:
(KWh) (11)
Cong suat can thiét cung cép cho phu tai tir bo sac tich hop la:
P, = max(PL(ti); PL(ti+At)) (kw) (12)
Gia thiét tai thoi diém t;, tong dién ning cia cac pin xe dién

Pyt Py
PRRICISICEYY

la Ap;, tong dién nang 16n nhét cua pin khi sac day 13 Appmax
téng dién ning nho nhét cua pin 1a A bmin- Téng cong suit sac
ctia xe dién 1a Pypqy- tong cong suat phét dién cho phu tai
tir pin xe dién 18 Pgjcchmax- Hibu suat sac cia xe dién 12 17y,
hiéu suat xa tir pin xe dién 14 1gjccp. Thoi diém dy kién két
thiic sac 13 teng va thoi diém chu xe du kién s& 1ay xe khoi
tram sac 13 topgser. Pién ning cung cap cho phy tai tir pin xe
dién s€ duoc tinh nhu sau:

. Pgischmax-Ot
(Api — Apmin); (—
Ndisch

)' (kwh) (13)
, (Pc,hmax- (tendset end At))

Cong suat cung cap tur pin xe dién qua bd sac trong khoang

thoi gian mat dién la:

Afpqg = min
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Afba
o . . TNdischAt (kW) (14)
Gia thiét ton that dién ap, ton that dién ning 1a 5%. H¢ thong
dam bao diéu kién cung cép dién cho phy tai khi:

Appa = 1,05.4;
{Pﬂ,a > 1,05.P,

Sau khi dam bao diéu kién hé thong sac du cung cép cho ludi,
ta s& diéu chinh cdng suit sac cia nat 1 dé ndt 1 1a nat can
bang cong suat, con cac nit con lai s& phat cong suét sac theo
phuong trinh (15).

Pfrba =

(15)

2.3.2. Sur dung thugt toan Monte Carlo dinh gid hi¢u qua
ciia lap dit sac xe dién thong minh

/lll-] —1 1\ ])‘m—l{h
\ saici—0

W Tao $0 ngﬁu nhién iygne=rand(1).
"l Dung lugng xe A,; theo CT18 4
Qm =py__—~
bing
<iém‘_l_m_lhlm ~
. =il
i<=48 >——
\-\ - Bing
i=1| Saj
id_‘“ ida>_+] - .
- 1, <=365_=
Dung
iy=iy+1
i.{=Ymax ~
= Diing

Hinh 19: Thuat toan monte carlo tinh thoi gian mét dién trung binh hang
ndm cua phu tai khi st dung sac xe dién thong minh muac d6 3
Mot trong nhiing chi s6 danh gid do tin cay hé thong dién
chinh l1a thoi gian mat dién trung binh (SAIDI)

SAIDI, = Zz1leki (16)
y

Trong d6: T;: Thoi gian mat dién Ian thi i trong nam (chi tinh
nhiing lan mét dién c6 thoi gian kéo dai trén 5 phat); K;: Tong
s6 khach hang bi anh huéng trong Ian mét dién th i; Ky
Téng sé khach hang sir dung dién.

Thuat toan Monte Carlo 12 thuat toan lay mau ngau nhién dé
tinh toan nham dam bao cho xac suat xay ra theo dung gia tri
cho phép. Viéc ldy mau cua thuat toan Monte Carlo duoc chia
thanh lay mau phan bé déu va ldy mau theo phan b khong
déu. Trong bai toan nay, ta gia thiét thoi diém mat dién, dién
nang cua pin tai thoi diém mét dién 1a mau tuan theo phan b
déu. Gia thiét thoi gian mat dién Iu6i trong nam 1a 7 (h). Thoi
gian cung cip dién cua lugi dién cho phu tai la Tpy. Xac suit
mat dién trong nam s& Ia:
T T

Pu =T, T 8760 (17)
Tai thoi diém mat dién, dung luong cua pin xe dién ciing duoc
coi la mét thong sb Nngau nhién. Khi d6, dung luogng pin xe
dién tai thoi diém mat dién duogc xac dinh nhu sau:
Api = Apmin +rand(0; Apmax — Abmin)kWh) (18)
So d6 thuat toan sir dung mé phong Monte Carlo dé tinh d6
tin cay cung cap dién khi tich hop sac xe dién théng minh cap
dién cho phu tai nhu hinh 19.

3. Tinh toan cho lwéi dién thue té

3.1. Tinh toan cho bai toan du bao

+ Dy bao cong suét phét cua gian pin mat troi

S liéu thu thap duoc tir gian pin mat troi cong suat 500 kWp
dat tai thanh pho Soc Trang, Vigt Nam tir ngay 01/07/2021
dén ngay 15/03/2022. S6 liéu gom 258 ngay trong d6 mdi
ngay sé& gdom cong suat phat cua gian pin cach nhau khoang
thoi gian 1a 30 phat. Trong bo s lidu do, ta chia 243 s6 liu
phuc vu cho dao tao, 15 s6 lidu phuc vu cho viéc kiém tra danh
gia sai s6. Sau khi tién hanh dao tao va du bao, sai sb trung
binh ctia cac md hinh trong tap s6 liéu kiém tra danh gia sai
sb nhu sau:

Béing 1: Sai s6 trung binh két qua dw bao cong suat phat gian pin mit troi
cua cac mo hinh dé xuat

TT M5 hinh Sai s6 %
1 [ Mdhinh1 43,75
2 [ Mdhinh2 29,84
3 M0 hinh 3 (vai 4 s liéu thoi tiét) 15,31
4 | Mb hinh 4 (véi 4 sb ligu thoi tiét) 13,86
5 M0 hinh 3 (vai 9 s liéu thoi tiét) 8,74
6 M0 hinh 4 (vai 9 s liéu thoi tiét) 7,32

Trong do: 4 trang thai thoi tiét bao gom quang may, it may,
nhiéu may, may am u. 9 trang thai thoi tiét bao gom: troi nang
nong va khong méy, quang may, it may, may thay doi, nhiéu
may, day may, nhiéu may va mua phin, nhiéu may va mua
rao, giéng bdo. C4c trang théi thoi tiét nay dugc danh sb tuong
Ging tir 1 dén 4 hoac tir 1 dén 9 vao lam dau vao ciia mang no
ron cling véi cong suit phét cua gian pin vao ngay trude do.
Ngoai ra, tir s6 liéu trang thai thoi tiét caa 243 ngay cua tap
dao tao, twong tng Véi trang théi thoi tiét du bao cua ngay du
béo ta tim dwoc cdng sut 16n nhat, nho nhat va cdng suat
trung binh twong tng. Tir d6 ta st dung sb liéu dé hiéu chinh
cho mé hinh 4. Hinh v& 1a d6 thi cong suat phét cua gian pin
khi str dung mé hinh 4 dé du bao va cong suat phét thyc té cua
ngay 01/03/2022 nhu hinh vé dudi.



Measurement, Control and Automation

45

PV

400

300 A
200 lr\\’(

100 /

1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46

Pvforecast Pvtarget

Hinh 20: Céng suit phat cua gian pin mat troi trong ngay du bao (du bao —
nét dat; thuc té- nét lien)

+ Dy béo cdng suat phét cua tuabin gi6

S lieu thu thap duoc tir tua bin gié cong suit 35 kW dat tai
thanh phé Ninh Thuan, Viét Nam tir ngay 01/03/2021 dén
ngay 10/03/2022. S liéu gom 350 ngay trong d6 mdi ngay s&
gom cong suit phat cua tuabin gié cach nhau khoang thai gian
1a 30 phit. Trong bo s liéu do, ta chia 335 s liéu phuc vu
cho do tao, 15 s6 liéu phuc vu cho viéc kiém tra danh gia sai
sb. Sau khi tién hanh dao tao va du béo, sai sb trung binh cua
cac md hinh trong tap s6 liéu kiém tra danh gié sai sé nhu sau:
Béing 2: Sai s6 trung binh két qua dw béo cong suat phat tua bin gi6 ciia cac

mo hinh dé xuat

TT Mb hinh Sai s6 %
1 MO hinh 1 41,92
2 M0 hinh 2 36,8
3| M6 hinh 3 (v4i 4 trang thai thoi tidt) 17,09
4| M6 hinh 4 (v3i 4 trang théi thoi tidt) 16,35

Trong d6: 4 trang thai thoi tiét bao gdm: gié manh, gi6 trung
binh, gi6 nhe, it gi6. Cac trang théi thoi tiét nay dwoc danh sé
twong tng tir 1 dén 4 1am diu vao ciia mang no ron cung véi
cong suat phat cua tua bin gid ngay trude do. Ngoai ra, tir s6
liéu trang théi thoi tiét cua 335 ngdy cua tap dao tao, tuong
g vai trang théi thoi tiét du béo cua ngay du bao ta tim dwgc
cong suit 16n nhat, nho nhat va céng suét trung binh tuong
tng. Tur d6 ta st dung s6 liéu dé hiéu chinh cho md hinh 4.
Hinh v& 1a d6 thi cong suat phat cua tua bin gi6 khi sir dung
mo hinh 4 dé du bdo va cong suat phét thuc té trong ngay
01/03/2022 nhu hinh vé& dudi.
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Hinh 21: Cong suét phat caa tuabin gi6 trong ngay du bao (du bao — nét
dut; thuc té- nét lién)
Vi du béo cong suét phat cuia gian pin mat troi va tua bin gio:
Tu két qua o bang 1, bang 2 ta thay rang khi st dung 48 mang
no ron riéng 1& (M6 hinh 2) dé dy bo cong suat phét cta tirng

thoi diém s& cho sai s6 nho hon sir dung 1 mang no ron gom
48 dau vao va 48 dau ra (M6 hinh 1). Néu sir dung thém s
liéu loai thoi tiét 1am dau vao (M6 hinh 3) thi két qua du béo
sé& chinh xac hon. Va mé hinh cho sai sé tot nhat 1a mﬁ hinh
St dung rleng tirng mang no ron cho mdi thoi diém va 50 liéu
dau vao 1a sb lidu cong suat phét cua ngay trude d6 va sé liéu
loai thoi tiét két hop véi bo loc sir dung cng suét phat trung
binh, 16n nhat, nho nhét cia cing mot thoi diém va co6 cung
trang thai thoi tiét (M6 hinh 4). Va s6 ligu trang théi thoi tiét
thu thap duoc va du bao cang da dang thi dy bao va hiéu chinh
cang chinh xac.
+ Du béo cdng suét tiéu thy caa phu tai dién
Phu tai dién thu thap dugc gom 243 ngay dugc chia thanh
228 ngay phuc vu cho dao tao va 15 ngay su dung cho du béo.
Trong d6 mdi ngay sé liéu s& dwoc thu thap 30 phat 1 lan tir
0h00 dén 23h30. Ap dung cho cac mé hinh ta dwoc bang két
qua sai sb trung binh cua tap du bao nhu sau:
Béng 3: Sai s trung binh két qua d bao cng suat phu tai tiéu thu cia cac
mo hinh d& xuét

TT Mb hinh Sai s6 %
1 | M8hinh1 22,66
2 | Méhinh2 17,93
3 | M8hinh3 9,11

Ta thay rang khi sir dung 48 mang no ron riéng 1¢ dé du bao
cho 1 thoi diém (md hinh 2) s& cho sai s6 tt hon khi str dung
1 mang no ron dé du bao cho ca 48 thoi diém trong ngay (mod
hinh 1). Ddng thai khi st dung thém sé liéu cong suat tiéu thu
cua 7 ngay trude do6 (md hinh 3) thi két qua du béao ciing cho
sai sb tot hon 1a chi sir dung phu tai cua ngay truée do (mod
hinh 2). Do d6 ta st dung mé hinh 3 1a mé hinh dé dy bao cho
cong suét tiéu thy caa phu tai dién. Hinh v& 1a dd thi cong suit
tiéu thu cua phu tai dién khi sir dung md hinh 3 dé du bao va
cong suit tiéu thy thyc té caa ngay 01/03/2022 nhu hinh vé
dudi.
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Hinh 22: Cong suét tiéu thu cua phu tai trong ngay du bao (du bao — nét
duat; thuc te- nét lien)

+ Du bao gia ban dién tur ludi.

Trong thi trudng mua ban dién canh tranh thi gid ban dién tur
ludi ludn thay doi theo thoi diém. Khi phu tai 1&n cao, nhu cau
tiéu thu dién nhiéu thi gia dién s& ting cao con khi phy tai
xudng thap thi gia dién s& giam. S6 liéu gia dién dugc thu thap
trong 305 ngay, trong d6 290 ngay s& dugc sur dung dé dao tao
mang va 15 ngay duoC st dung dé kiém tra du bao. Trong d6
moi ngay s6 liéu s& duoc thu thap 30 phat 1 1an tir 0h00 den
23h30. Ap dung cho cac mé hinh ta duoc bang két qua sai s6
trung binh cua tap du bao nhu sau:
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Bang 4: Sai s6 trung binh két qua du bao gid ban dién tir ludi cua cac mo
hinh d& xuét

TT Mb hinh Sai s6 %
1 M0 hinh 1 7,89
2 M6 hinh 2 6,84
3 MO hinh 3 5,22

Ta thay rang khi str dung 48 mang no ron riéng 1¢é dé du bao
cho 1 thoi diém (md hinh 2) s& cho sai s t6t hon khi sir dung
1 mang no ron d¢ du bao cho ca 48 thoi diém trong ngay (md
hinh 1). Dong thoi khi sir dung thém sé liéu gia dién cua 7
ngay trude d6 (md hinh 3) thi két qua du béo ciing cho sai s6
t6t hon 1a chi sir dung gia dién ciia ngay trudc d6 (mo hinh 2).
Do d6 ta sir dung mé hinh 3 1a mé hinh dé du béo cho gia dién.
Hinh v& 1a db thi gia dién khi sir dung mé hinh 3 dé du bao va
gi4 dién thuc té cua ngay 01/03/2022 nhu hinh vé& duéi.

Price
3000
2000 e’ T N =
1000
0

1 4 7 1013 16 19 22 25 28 31 34 37 40 43 46

Priceforecast

Pricetarget

Hinh 23: Gia mua dién tir lugi trong ngay du bao (dy bao — nét dut; thyc té-
nét lién)

3.2. Piéu khién téi wu phu tai dién

a. Céc thong sb caa ludi dién

Cong suét phat va cong suat tiéu thu Ion nhat, hé s cong suat
tai cac phuy tai. Cong sut phét caa cac gian pin mit troi, tua
bin gi6 thong dung c6 ban trén thi truong duogc lap dat tai cac
ho gia dinh:

Bang 5: Bang thong s6 cong suét tai cac nit

Bing 6: Bang thong sb dién tré, dién khang, dong dién cho phép cac nhanh

n N bién | ™
Natdi | Natdén D"-’;”“ khang | Donsdién
X cho phép I
0 1 0,008 0,011 440
1 2 0,008 0,011 420
2 3 0,008 0,011 440
3 4 0,008 0,011 440
4 5 0,008 0,011 420
5 6 0,008 0,011 440
6 7 0,008 0,011 420
7 8 0,008 0,011 440
8 9 0,008 0,011 440
9 10 0,008 0,011 420

Thoi gian sir dung cho phép cua cac phu tai dién didu khién

duoc:

Bang 7: Bang thong sé thoi gian dong/mé cho phép cua phu tai

29 18 5.9 08 Khoang thai
2 Thoi diém Thoi diém : ~
Phutdl | it ddu tere | KéLThGC teng | 9127 h‘:-:t dong
1 1 24 2
2 18 22 1
4 6 18 2
7 1 24 2
8 18 22 2
9 8 18 6
10 0 7 3

Véi cac thdng sb cua ludi dién trén, néu khong tién hanh diéu
khién dong cit cac phu tai, ta thay tai mot sb thoi diém, dién
ap tai c&c nut sé Ion hon gia tri cho phép (vuot qua 5% cua
dién ap dinh mac — 231V) hoac néu déng phu tai vao gio cao
diém s& lam dién &p nit nho hon gia tri cho phép (giam qué

5% cua dién ap dinh mic — 209V) nhu trong bang sau:

Bang 8: Bang dién 4p tai cAc nit vao mot s6 thoi diém khi khong didu khién

tai va c6 diéu khién tai.

Tai khong Tai diéu Gian pin Lo

EH‘-‘ d‘egu';hc'e” Khién dwgc | mattrei | 1 U@ bingid
Pmax | €0s@ | Pmax | c0SQ | Pmax | cos@ | Pmax | cos@

1 8 0,95 5 1 12 | 0,95 0 0,95
2 12 | 0,95 7 0,9 9 0,95 0 0,95
3 6 [ 09| 0 1 0 109 | 0 |09
4 10 | 095 | 5 0,9 0 109 | 0 |09
5 10 |09 | O 1 27 109 ] 0 |09
6 6 0,95 0 0,9 0 0,95 | 10 | 0,95
7 8 0,95 7 1 18 | 0,95 0 0,95
8 6 |09 | 1009 ] 12 |09 | 0 |09
9 10 | 095 | 4 1 9 |09 | 5 |09
10 8 [ 095 6 0,9 9 |09 | 0 |09

Dién tro, dién khang va dong dién cho phép I6n nhat cua céc

nhanh:

B‘ﬁ”u e 13h30 17h30 13h30 17h30
1 222,03 217,97 221,35 217.35
2 223.78 216,17 222,42 214.93
3 225,55 214,72 223,49 212,87
4 227,53 213,45 224.77 210,99
5 229,87 212,48 226,41 209,42
6 231.33 211.78 227.15 208,12
7 232,61 211,01 227.68 206,74
8 233,34 210,44 227.92 205,59
9 233,74 210,05 228,33 205,19
10 233,88 209,82 228,47 204,95

Trong bang s6 liéu 8, cot 2 va cot 3 1a dién ap tai cac nat khi
khong déng phu tai diéu khién duoc vao cac thoi diém llc
13h30 va 17h30. Ta thay rang tai thoi diém 13h30 dién ap cac
nGt 7,8,9,10 s& I6n hon gié tri cho phép. Néu lic do ta dleu
khién dong tai & nut 7 va 8 thi dién &p s& giam xu0ng va nam
trong gi4 tri cho phép nhu & cot 4. Tai thoi diém 17h30 dién
&p cac nat nam trong gid tri cho phép nhu & cot 2, néu ta dong
phu tai 8 thi s& lam dién &p cac n(t 6,7,8,9,10 xudng dudi gia
tri cho phép nhu ¢ c6t 5.

b. Str dung thuat toan di truyén va thuat toan bay dan dé diéu
khién dong/cit phu tai dién.

Tir cée s6 lidu du béo, ta tién hanh sir dung thuat toan di truyén
va thuat toan bay dan d¢é tinh toan diéu khién dong/cat phuy tai
sao cho dién ap nat va dong dién nhanh nam trong khoang cho
phép va téng chi phi ban dién 1én ludi tir gian pin mat troi, tua
bin gi6 trir di chi phi mua dién tir ludi cap cho cac phu tai la
I6n nhat. Ham muc tiéu sau cac budc lap khi sir dung thuét
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toan di truyén va thuat toan bay dan dwoc biéu dién trong hinh
VE sau:

13 5 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45

Bude lap

Hinh 24: Ham muc tiéu sau cac budc Iép khi su dung ;huat toan di truyén
(nét dut) va thuat toan bay dan (nét lien)

Ca 2 phuong phép déu cho diém dong tai toi wu dé ham myc
tiéu dat gia tri I6n nhat nhu sau:

Bang 9: Bang thoi diém dong tai t6i wu va gia tri ham muc tiéu t6i wu

Cong suat phu tai didu khién dwoc va thoi diém dong

tai
Phy | 4 2 4 7 8 9 10
tai

P S 7 S 7 10 4 6
t 2 [ 215 ] 65 2 205 | 115 1

fmax

-868577

Tir bang s6 liéu trén ta thiy rang tai vong lap 43 tong chi phi
ban dién tir gian pin mat troi, tua bin gid trir di tong chi phi
mua dién tir lugi dién cung cap cho phuy tai 1a -868.577
dong/ngay. Nhu vay véi ludi dién da cho sau khi diéu khién
dong/cat céc phuy tai dé dién ap nat va dong dién nhanh nam
trong gia tri cho phép thi chi phi thap nhat ma céc phu tai phai
tra cho ludi dién trong ngay d6 1a 868.577 dong.

3.3. Sir dung sac xe dién théng minh dé cip ngudn cho
lwéi dién

a. Tinh phan b cong suat khi sir dung sac xe dién théng minh
cap nguon cho phu tai

Gia thiét voi ludi dién cd cong suét phu tai va cong suat cua
gian pin mat troi nhu bang 5. Gia thiét tinh cho truong hop
khi mét dién ludi, phy tai dang sir dung 100% cdng suét, cac
ngudn dién mat troi, dién gié phéat 50% cong suat. CAc phu tai
didu khién duoc déu la cac bo sac thong minh cé thé lay dién
tir pin xe dién va phét cong suit twong (ng. Gia thiét tai céc
nit c6 bo sac diéu khién duoc pin dang sac & 50% dung luong
va thoi glan du trir 14 2 tleng thi v&i dung lugng pin cua céc
xe dién noi trén ta thay rang hé thong dam bao cung cap dién
day du cho ludi khi mét dién trong vong 1 tiéng. Ta sé st dung
nGt 1 1a nat can bang cong suat bang cach diéu chinh cong
Sut phat 1én tir pin xe dién con lai cac nat khac phat 100%
cong suat. Ta dwoc bang cong suat phat 1én lugi cia cac b
sac tai cac nut va dién ap céc nut nhu sau:

Bang 10: Cong suat phat 1én ludi ciia cAc b sac xe dién

Cong suét phat 1én lwéi caa cac bd sac
NUt 1 2 4 7 8 9 10
P(kw) | 1,99 | 7 5 7 10 4 6

b. Tinh d6 tin cay cua luéi dién khi sir dung bo sac thng minh
cap dién cho phu tai.

Gia thiét thoi gian mat dién trung binh trong nam cua ludi dién
la 336 gio. Dung luong cua pin va cong suat b sac 1a sb
nguyén cua xe 0 to dién phd bién ¢ Viét Nam tuong tng la
42kWh va 11 kW. Thay ddi cong suét bo xa lay dién tir pin
dua 1én ludi tir 25% dén 200% tong cong suat phuy tai. Tinh
thoi gian mét dién va so sanh vai thoi gian mat dién khi khong
str dung bo sac. Két qua tong hop cho & bang sau:

Bang 11: Thoi gian mat dién trung binh trong nim

Pdismax SAIDI (gio/nim)
(%P)) Abmax :_42 kWh; Abmax =:120 kWh;
Pchmax =11 kW Pchmax =110 kW
25 338,145 336,03
50 259,085 158,745
75 259,87 146,375
100 260,955 56,06
125 262,465 34,905
150 259,15 34,225
175 258,775 34,155
200 258,755 34,205

Tir bang két qua ta thiy rang khi str dung bé sac cung cép dién
cho phy tai thi thoi gian mét dién giam di va trong truong hop
khi s6 luong bd xe ndi vao ludi c6 dung lugng 1a 420 kWh,
cong sudt bo xa khoang 125% cong suat tai thi s gio mat dién
c6 thé giam di gan 10 lan.

4. Kétluan

Tur nhitng nghién ctru va tinh toan trén ta dua ra mot sé két
luan sau:

+ St dung mang no ron truyén thiang 2 16p két hop vai thuat
toan Levenberg-Marquadt ta c6 thé tién hanh dao tao va du
bao cong suat phét cua gian pin mat troi, tua bin gio, cdng suét
tiéu thu cia phu tai dién va gia ban dién. Trong d6 viéc du bdo
cdng suat phét cua tuabin gio, gian pin mat troi khi sir dung
mo hinh mang no ron ciing vai b loc hiéu chinh dau ra bang
sb liéu cong suit phét 16n nhat, nho nhét va trung binh caa
cuing 1 thoi diém va ciing 1 diéu kién thoi tiét s& cho sai s t6t
nhat. Con trong dy béo cong suat phu tai va gia dién thi su
dung md hinh 3 (M6 hinh 1 mang no ron cho 1 thoi diém va
s6 liéu dau vao cua 1 ngdy trude do va ngdy tuong tu cua tuan
true d6) s& cho sai s6 nho nhat

+ Sir dung thuat toan di truyén hoic thuat toan by dan cé thé
tim duoc thoi diém dong/cit phu tai tdi wu dé dam bao dién
ap nat, dong dién trong cac nhanh nam trong khoang cho
phép. Bdng thoi tim dwoc thoi diém déng phu tai diéu khién
dugc phi hop nhat dé tong chi phi ban dién tir gian pin mat
troi, tua bin gi6 trir di chi phi mua dién cia ludi 12 16n nhat
(hodc chi phi mua dién cua ludi trir di chi phi ban dién la nho
nhat). Trong d6 thuat toan bay dan cho kha ning hoi tu nhanh
hon so véi thuat toan di truyén ddi véi bai toan diéu khién phu
tai.

+ Bang cach tan dung pin cua xe dién va diéu khién sac thong
minh phat dién 1én luéi, hé théng cé thé tw cip ngudn cung
cép day du dién cho phu tai trong truong hop mat dién ludi.
Str dung thuat toan Monte Carlo tinh thoi gian mat dién trung
binh hang nim thiy rang khi cdng suat xa pha hop va dung
lugng pin sac 16n thi thoi gian mat dién cé thé giam di 10 1an.
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Abstract

High efficiency and high power density are becoming increasingly popular in the design requirements of power supplies. In modern power
electronics, resonant converters, especially LLC resonance structures are receiving much attention because of their ability to increase the
working frequency to reduce the size of passive components while still ensuring high efficiency. Currently, the multi-phase resonant LLC
converter is being researched and developed to increase the power capacity and power density of DC/DC converters. In addition, the multi-
phase configuration can also perform phase-shedding to improve efficiency under low-load operations. This paper presents a control method
using model-based adaptive control (MRAC) to adjust the parameters of the PI controller to improve the dynamic response and quality of
the output voltage of the converter in case of converter's parameter change and phase shedding. The adaptive controller responded well and
obtained consistently standard results of a 48V voltage source with output voltage ripple is smaller than 200mV and overshoot is smaller
than + 1% over the full operating range. An experimental model of a 3-phase LLC converter with the output power of 3600W is built to

verify the design.

Keywords: LLC resonant converter, Model reference adaptive control, Multi-phase LLC converter

Tém tit

Hiéu suit cao va mat do cong suit I6n ngay cang tré nén phd
bién trong yéu cau thiét ké cac bo ngudn. Trong dién tir cong
Sut hién dai, cac bo bién doi cong hudng, dac biét 1a cau tric
cong huong LLC dang nhan dugc nhiéu sy quan tam bai co
kha nang tang tan sb lam viéc dé giam kich thudc ma van dam
bao duoc hiéu suat cao. Hién nay, ciu tric LLC cong huong
nhiéu pha dang dugc nghién ctru phat trién dé tang cong sut
cling nhu mat d6 cong suat cia cac bd bién déi DC/DC. Hon
nira cdu hinh nhiéu pha con c6 thé thyc hién tit pha nhim cai
thién hiéu suat khi 1am viéc non tai. Bai béo nay trinh bay
phwong phap diéu khién sir dung didu khién thich nghi dua
trén mo hinh mau (MRAC) dé diéu chinh théng s6 bo diéu
khién PI nham cai thién dap tng va nang cao chat lugng dién
ap dau ra ciia bo bién doi khi c6 sy thay doi trong théng sé bo
bién d6i va khi tit pha (cau trdc b bién doi thay d6i) ma van
dat duoc tiéu chuan ngudn dién ap dau ra. Bo diéu khién thich
nghi da dap ung tot va thu dugc két qua ludn dat tiéu chuan
ctia nguon 48V véi do dap mach dién 4ap dau ra < 200mV va
dd qua diéu chinh < + 1% trong toan dai. Mot md hinh thyuc
nghiém bo bién di LLC 3 pha, dién &p ra 48V, cong suat dau
ra 3600W dugc xay dung dé kiém chung thiét ké.

1. Giéi thiéu chung

Céc bo bién ddi cong huong LLC di va dang trd nén phod bién
v6i nhiing ting dung quan trong nhu trong cac thict bi nguon

cho cac tram vién thong, nguén cho céac hé théng diéu khién
cong nghiép, cac hé thong ngudn cho mady tinh, cac dén led
cong suat 16m,... 1a nhitng 0 ng dung yéu cau hi¢u sudt cao va
mat do cong sut 16n. Bo bién ddi cong huong LLC c6 nhimng
dic diém 1a c6 thé dat chuyén mach mém ZVS (chuyén mach
v6i dién ap bang khong) ddi vi cac MOSFETS bén phia so
cap va ZCS (chuyén mach voi dong dién bang khong) dbi véi
cac DIODE bén phia thir cap may bién 4 ap [1]. Chuyén mach
mém cho phép bod bién dbi lam viéc ¢ tan s6 cao hon, giam
dang ké kich thudc cua cac phan tir thy dong nhu may bién
ap, cudn cam, tu loc dau ra, giup tang mat do cong suét.

Hién nay, céu trac bo bién ddi cong huong LLC 3 pha dang
dugc tap trung nghién ctru va phat trién dé mo rong ing dung
cua cac bd bién doi cong huong. Bo blen d6i cong huong mot
pha truyén thong ¢6 han ché vé cong suat dau ra va dong dap
mach trén tu dau ra 16n [2]. Dé giai quyét van dé nay, ciu triic
ba pha c6 dic diém cta hiéu ing xen kénh giira cic pha gitp
giam sy dap mach cua dong dién trén ty dau ra, tir d6 gitp
giam dung luong can thiét cua tu loc dau ra. Hon nita, viéc
néng so pha con giip mo rong dai cong suat va cai thién hiéu
suét cua cac bo bién ddi cong huong LLC [2]. Tuy nhién viée
thiét ké diéu khlen cho bo bién dbi cong hudng 3 pha con gap
kho khin do van dé mé hinh hoa phtrc tap khi c6 sy mét can
bang gitra cac pha [2].

Hién nay, viéc thiét ké diéu khién cho céc bd bién ddi cong
huong LLC 3 pha dang duoc thuc hién dua trén mo hinh toén
hoc cua bd bién ddi 1 pha [2-3]. Néu gia thiét 3 pha cia bd
bién d6i LLC 3 pha hoan toan can bang, khi d6 bo bién dbi 3
pha sé& twong duong véi 3 bo bién doi 1 pha mic song song.
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Vi vay mo hinh toan hoc cua bd bién d6i LLC 3 pha hoan toan
tuong duong nhu mod hinh 1 pha. Theo mot cach lam khac,
nghién ctru [2] cling da chi ra su twong ddng giita do thi bode
ciia ddi tuong mot pha va ba pha bang phuong phap nhan
dang. Tuy nhién, khi thong s6 ciia 3 pha c6 sy mat can bang,
mé hinh toan hoc cia bd bién doi 3 pha s€ c6 sai khac vdi mo
hinh ciia bo bién doi 1 pha, khi d6 v6i phuong phap thiét ké
diéu khién nhu hién tai s& gap nhiéu kho khan trong viéc dap
{mg cac chi tiéu ki thuat cua cac thiét bi ngudn g dung cho
cac tram vién thong [3].

Pé khic phuc van dé thay d6i tham sb cua ddi tugng, cac bo
diéu khién thich nghi da dugc sir dung trong nhiéu (mg dung
va déu cho thay dat dwoc két qua tét [4-10]. Trong cac bd bién
do6i dién tir cong suat, cac bo didu khién thich nghi duoc st
dung dé @i pho véi su thay doi tham sé hodc sy anh huong
clia mot s6 thanh phan dugc coi 14 nhiéu trong qué trinh mo
hinh hoéa nhu dién ap dau vao hay su thay doi cua tai [4-5].
Trong nghién ciru nay, bo diéu khién thich nghi duoc tng
dung dé dbi pho véi sy sai 1éch cua mo6 hinh ddi tugng thuc
s0 v6i md hinh sir dung dé thiét k& bo diéu khién, ciing nhu
su thay dbi ciia tham sb hay sy anh hudng cua nhidu (dién ap
d4u vao thay d6i hodc tai thay ddi) trong qua trinh lam viéc.
Tir do gitp nang cao chit lwong dép umg cua dién 4p dau ra
b6 bién dbi.

Trong nghién ciru nay, b diéu khién PI duoc thiét ké dé diéu
khién dién ap déu ra ctia bo bién ddi LLC 3 pha dua trén mé
hinh toan hoc ciia bd bién d6i LLC mot pha voi tham s thiét
ké b6 LLC 3 pha hoan toan cin bang. Sau d6 b diéu khién
thich nghi theo mé hinh mau (MRAC) dugc thiét ké theo luat
thich nghi MIT dé diéu chinh thong sé cta bo diéu khién PI
nham ning cao chét luvong déap tng cua dién ap dau ra khi co
s mat can bang giita cac pha va khi c6 su thay dbi sé pha
trong qua trinh 1am viéc. Cac thiét ké duoc kiém chimng trén
phén mém mé phong Matlab va thyc nghiém trén md hinh bo
bién d6i LLC 3 pha v&i cong suit 3.6 KW. Két qua mo phong
cho thay b diéu khién PI thich nghi cho dap Umng dién ap déu
ra tot hon so vGi bo diéu khién PI khi co sy bién dong cua tai,
su thay ddi sé pha lam viéc cua bo bién dbi. Pién ap dau ra
ludn dat 48V véi sai 1€ch tinh chi 0.4%, 46 dap mach cia dién
ap ra ludn <200mV, va d6 qué diéu chinh ludn <1% trong toan
giai diéu chinh. V& cdu tric bai bao, phan I s& trinh bay vé bo
bién di LLC 3 pha va viéc mo hinh héa dya trén so dd tuong
duong 12 bo bién d6i cong huéng LLC 1 pha. Phan III trinh
bay chi tiét cach thiét ké cdu trac va thuat diéu khién thich
nghi theo mé hinh miu (MRAC) st dung luat MIT. Phan IV
trinh bay vé viéc kiém ching thiét ké thong qua mé phong va
thuc nghiém. Phan V 1a két luan.

2. B bién @6i LLC 3 pha

So dd bo bién dbi cong huong LLC 3 pha dang nira cau dugc
md ta trong hinh 1. Céu tric bd blen d6i bao gom 3 b bién
d6i LLC 1 pha mac song song va nbi sao so cAp may bién ap
nham giam su mat can bang dong giita cac pha khi co sy sai
khac tham s6 cua cac mach cong huong [2-3]. Vi mdi mach
moét pha, gdm ba thanh phan chinh, mot 12 phan mach dong
cat dang nira cau tao ra dién 4 ap dang xung vudng ¢ dau ra de
cép cho mach cong huong. Phan hai la mach cong huong gom
mot tu dién cong huong (Cr) mic ndi tiép voi hai cudn cam,
trong d6 cudn cam cong hudng (Lr) va dién cam tir hoa (Lm)
¢6 thé dugc tich hop trong MBA. Cudn diy bén phia thir cip

dugc céu hinh dang center-tap (co diém gitra), ndi véi cac
diode chinh luu dé tao ra dién ap mot chiéu dau ra.
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Hinh 1. CAu trdc bé bién ddi LLC 3 pha néi sao so cp may bién ap

Néu coi 3 pha hoan toan cin bang, khi d6 bd bién ddi LLC 3
pha hoan toan twong duwong véi 3 bd bién d6i LLC 1 pha méc
song song. Khi ca 3 bo bién ddi dugc diéu khién véi cting mot
tan s6 dé dam bao hiéu tmg xen kénh ¢ dau ra thi mdi quan hé
giita tin s6 chuyén mach va dién ap dau ra cta b bién doi
LLC 3 pha chinh 1a mdi quan hé gitra tan s6 va dién ap dau ra
cia bd bién doi cong hudéng LLC 1 pha. So dd mach dién
turong duong ciia bo bién ddi LLC 1 pha duge mé ta trén hinh
2.

Np:ns:ns
[ LT + T
+V Im D3 Te .
s}
. - Cr=F Vcf l
+ Lm V't . = =
C_ Vg
D4

Hinh 2. So d6 mach twong duong cta b bién déi cong huéng LLC 1 pha
Véi so @6 twong dwong trén hinh 2, dién 4p vao khdi cong
huong dugc tinh nhu (1):

diry | . N 1
Vyup = Ly (d_tr> + 0,7+ Ve + sgn(Lp)v f @

VOi:
sgn(ip) ={-1,néuv', <0;
Dong cong huong:

+1,néuv' = 0}

dv,
i =C d;r @
Dién 4p phia so cap bién 4p:
' di 3
v cf = Lmd—;n ( )
Dong dién phia thir cap bién ap:
dvey 1 C)

|lsp| = (1 + R> Cr—— it +Evcf
Dién ap dau ra:

, ' 5
vy =1 |isp| + <r—).vcf ©)
c
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véiir', =1.||R

C6 thé thay cac bién c6 dao ham nhu i(t), Ver(t), im(t) 12 cac
blen chira ca cac thanh phan song hai. Cac bién nay s& dugc
viét dudi dang chudi Fourier gdm tong cia thanh phan mot
chiéu va cac thanh phan séng hai:

f(x)=a0 £ Z(an sinnx + b, cos nx)

n=1

= (ay + a, sinx + a, sin 2x + a; sin 3x
+ b, cosx + b, cos 2x
+ b5 cos 3x)

Gia thiét mach 1am viéc ¢ viing tan s6 lan can tan s6 cong
huong fo, thi cac dai luong xoay chicu dugc xap xi bang thanh
phan séng hai co ban:

i, (t) = is(t) sinwgt — i (t) cos wgt (6)
ver (t) = vy (t) sin wgt — v (t) cos wgt )
I (£) = s (t) Sin gt — iy (t) cOS wit (8)

di, (dis
@ = (g sic)smant ©)
dic )
, , - (E—wsls) COS wgt
Ver _ Us
i ( i + wsvc) sin wgt (10)
dv; )
N N —(W—wsls) COoS wgt
i i
d_;" = ( drzs + wsimc> sin wgt 1)
dimC .
— ( T wslms) cos wgt

Véi: os 12 tan s6 dong cit, chon béng tan sb Cong hudng wo.
Con lai cac thanh phan phi tuyén sgn(ip), v’ef, |isp| s& dugc
viét dudi dang chudi Fourier nhung véi cac hé sé fi:

VUaB (t) - fl (d' Um) sin wst (12)

Sgn(isp)v’Cf = fZ (issv isp; v,(:f) sin (I.)St
_f3 (iscv isp, Ulcf) CoS wgt

(13)

VG
T
fi(d,vin) = —sin (5d) = v,
4L 41
SS 7 _ DS 12
fZ(Lss'lsp'v Cf) - _L_v cf — El_v cf
sp pp
An iy
o, o T s
A pp A
lSC ’ lpc ’
fB(Lsc' lsp, V Cf) i ve T Ve
sp pp
An iy,
T e T e
pp

o _ [
lpp = [lps + ipe
Trong do:

s, Uy 12 thanh phan sin, cos cua dién ap so cip may bién ap

ips» ipe 12 thanh phan sin, cos cia dong dién so cap may bién
ap

ipp la dong dién so cap may bién ap

is, isc thanh phan sin, cos cua dong dién thar cAp may bién ap
isp dong di¢n bén phia tha cAp may bién ap

n = np/ns hé s6 bién ap

d 1a do dich pha (0 - 0.5).

Thay thé cac phuong trinh (6-13) vio cac phuong trinh (1-5)
ta thu dugc cac phuong trinh mé ta thanh phan sin, cos cta
dién ap vao mach cong hudng:

di (14)
ng:L(d +wsc)+rsls+vs+vps
dig An iy
=Lg (dt + wslc) + 1l + v +?;vcf
di, ) . (15)
Vee = Ly (E — wsls) + r5ic + v + vy
di, An iy,
=Ls(dt wsls)+TSlC+Uc+?Evcf

Phuong trinh mé ta thanh phan sin, cos cia dong dién cong
huong:

. dvs

is = Cs <E + wsvc>

. dv,
e = Cs (E - ‘*’s"s)

Phuong trinh mé ta thanh phan sin, cos cua dién ap so cip
may bién ap:

(16)

an

L, <d;7:s + wsimc) = %Z;:vcf = Vps (18)
dipme ] ani,, (19)
( dt - wslms> = ?gvcf pc

Phuong trinh mé ta dién és trén tu loc dau ra:
T v, 1 2 20
(oG =

Phuong trinh mé ta dién &p ra:

(21)

2 N !
v, = —1,i — v
o= lctsp T, cf
Sau khi tién hanh tuyén tinh hoa xung quanh diém lam viéc,

ta thu dwoc mod hinh tin hiéu nho:
X (22)

Trong do:

N~~~ o~ T

X = (lslcvsvclmslmcvcf> 14 bién trang thai
u= (wsn) 1a bién diéu khién

y = (vo) 1a bién can diéu khién

Céc bién trung gian:

2
H 4-11ch Ip_(: i H. = — 4-nVCf IpSIpC
ip T 13 ic — J 13
pp pp
H .= . G = — Ve Ipslpe
vef T g ! b~ T I3
pp 14
G Vs Ips Goo = 4n Ipc
ic — T 13 vef T o
pp pp
2n Ips . 2n Ipc
Kig =2 Kie = 222
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k; (27)
[Hptt OL+H, 1 Hy H, Hy Gpi(s) = kp +—
L L L L L L
QL -G, G, +, 0 1 G, G, G, | Saukhidua bd dieu khién PI vao doi tuong, cau tric vong kin
L, L L L L T°L | lac ndy s& tro thanh:
1 C.Q
= 0 (- 0 0
C, C, G(s) = y(s)  (kys+k;)Gy(s)
L(s) = =
A<l 0 Ci CSCQS 0 0 0 0 uc(s)  (kps +k;)G,(s) +s
Hip H. Hi H +L Q chy (k k G
e 0o 0 d m pS + ki)Gp(5)
L, L, L, L, L, y(s) = uc(s) 28
G, G G,-L,0 G G, (kps + ki) Gy(s) + 5 (28)
7| i 0 0 _ 1] m==s J Ve
L L L L L
" " " " .| Véi G,(s) duoc tinh tir (26).
Kisrc Kicrc 0 0 K\src K|crc rc P
C C C C RC 2 . ‘ s
L Mk i i i ) e Luat MIT duoc ap dung d€ xéc dinh cdc thong so cho b dicu
Lol, Laol, CauV. CoV., Lol,. Laol. khién PI. Véc-to tham s6 bo diéu khién la u =[ kp, ki]; ap
B=|- L, L C - L L 0 dung luat MIT nhu tai liéu [10], ta thu dugc luat thich nghi
* s s , nhu sau:
C =Kl Kl 0 0 —Kgr! —Kgr! =

D=0;
Ham truyén cua hé sau khi da tuyén tinh héa la:

==~ =C(SI —A)™'B + D = G,(s)
an

3. Céu tric & thuat tean diéu khién thich nghi
(MRAC) trong b¢ bien doi LLC

Mb hinh diéu khién thich nghi theo mé hinh mau MRAC
(Model reference adaptive control) thuc hién so sanh dau ra
ctia d6i twong va md hinh quy chiéu chuén tir 46 thay d6i tham
sO ctia bo diéu khién dé sao cho mé hinh vong kin ctia hé thong
diéu khién c6 mo hinh tuong ty nhu mé hinh méu khi thong
sO ctia d6i twgng c6 su thay doi [8]. So dd khdi ctia hé thng
MRAC duge thé hién trong hinh 3.

U, M6 hinh mau
(eq.33)
U.— Ym
= Mak oy .t
a - ok
(eq. 29,30) _
kp lki y
Wsn Gp(S) Ty -
(eq. 26)
Phan hoidp [

Hinh 3. So @6 khéi ctia bo diéu khién PI thich nghi
Ham truyén cta bd dieu khién PI dugc md ta nhu (27):

dky de de dy 6y
at "%k, - " %ayoak, "ok,
(29)
dkl-__' a_e__. Ea_y__ ay
dac l'e'aki - YL'e'Oyaki " ok;
(30)
Voi e =y —yn, nen —= 1 — va— duoc tinh tir (28)
ady sGy(s)
a0 = (uc =)
0ky  (kps +k;)G,y(s) +s 1)
ay _ Gy (s) w )
A (kps + k)G +s ¢ 7
(32

Do dau rah¢ thdng dang duoc quan tam la dign ap mot chiéu
va dé thay trong luat dieu khicn thich nghi ym = um * G, chinh
Vi vay ¢6 thé chon Gp, 1a ham dao déng bac 2 véi e = 10000.

s+ 10e8
s2 4 20000s + 10e8

G =
@31
Viéc chon gia tri hé sO thich nghi s& phu thugc vao quy tac

sau: Néu gia tri hé s thich nghi 16n, hé thong thich nghi nhanh
tuy nhién néu qué 16n hé thong s& mit 6n dinh va nguoc lai
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Dé nang cao hiéu suat cta bd bién ddi & ving tai thap, mot sb
pha duoc ngét hoat dong dé giam tdn hao dan trén mot $6 phﬁn
tir. Khi d6 cac cAu hinh twong tmg khi tat pha dugc mé ta trén
hinh 4.

Két hop bo diéu khién thich nghi va bo diéu khién thich nghi,
céu tric diéu khién cho bo bién d6i LLC 3 pha dugc dé xut
nhu trén hinh 5. Bo diéu khién thich nghi s& diéu chinh tan s6
lam viéc cua bo bién dbi dé didu chinh dién ap dau ra, b diéu
khién tat pha (Phase shedding) s€ tac dong truc tiép vao khéi
tao xung dé quyet dinh sb pha lam viéc ctia bd bién ddi tuy
thudc vao cong suat tai cai thién hiéu suat va dap mach dong
dién trén tu diu ra cua bo bién doi.

4. Két qua mo phéng va thuc nghiém
Dé kiém chimg cac thiét ké bo bién doi va hé théng diéu

khién. M6 hinh mo phong dugc thuc hién trén matlab va
Ltspice. Thdng s6 m6 phong dugc liét ké trong bang 1.

Bing 1: Bang thong sb bo bién dbi

3-PHASE
T _—1 Cn Ln
V/ 0°| oc —{ l
—p AC Lt -@-
Rectifier
T — Cr L
V/120° | b¢ B
—> AC Lz @
Rectifier
R
N | Cs L
V/240° | o
Rectifier
i * 1
(T) ‘ Tit pha
Vin
2 PHASE
| Cn Ln
pc — { L
V/0° AC Lm @'
— T Rectifier l
N | —?rE L
V 9 | bc
1 Rectifier @
Vin ‘ Tit pha
o L 1 PHASE
o DC —{
V/0°
S AC L { @‘
—‘L Rectifier 17
Hinh 4. C4u hinh tit pha ciia bd bién d6i LLC 3 pha
Ve
U'dc lugng
thong s6 <
BUCED VM| M6 hinh mu
Kp i i Ki
3 n €
B0 dicu khién |_
f thich nghi Vout
®
Khéi tao Phase
Xung Shedding
3-PHASE LLC
Vi CONVERTER

| Cu Ln

D1 oo
L]

Rectifier

4

Rectifier

—

&

Rectifier

nOl sao

Star Connect

Hinh 5. CAu triic diéu khlen thich nghi va t4t pha bo bién d6i LLC 3 pha

so cap MBA

Pién ap dau vao Vin =400V
bién ap ra Vour =48V
Cong suat tai dau ra/pha Pour = 1200 W
Tan sb cong huong f, = 185 kHz
Ty sb may bién ap n=4
Tu dién Cr C,=150nF
bién cam Lr L =5pH
Dién cam tir héa Lm Lm =30 pH
Tu loc dau ra Cour = 9400 pF
S6 pha 3

Trudc tién, bo bién déi LLC 3 pha dugc mo phong trén
phan mém LTspice dé danh gia hiéu suat cta bo bién ddi khi
lam viéc véi s6 pha khac nhau twong tmg véi cac diéu kién tai
khac nhau. Két qua mé phong dugc thé hién trén hinh 6.

—a——n

at (%)
o R

éu sué

Yo
o

—— 3-phase
2-phase

[0
[¢¢)

A

Hi
o
o

1-phase

o0 o0
(SIS

10 20 30 40 50 60 70 80 90 100
Cong suat tai (%)
Hinh 6. Hiéu suét caa bo bién déi 1, 2 va 3pha trén toan dai lam viéc caa
tai.
Két qua mo phong cho thdy, khi cong sut tai nhé hon tuong
ung 70% va 30% tai dinh muc, cac cau hinh 2 pha va 1 pha s€
cho hiéu suat cao hon so v6i cau hinh 3 pha. Biéu nay hoan
toan phu hop véi ly thuyet vi khi ¢ diéu kién non tai, viéc tat
bot sO pha s& giup giam ton hao dan so v6i cong sut dau ra
ctia b bién d6i nén hiéu sudt s& duoc cai thién. Trén co so do,
b6 diéu khién tit pha s€ duoc diéu khién theo cong suit dau
ra tuong ing vdi cac mic cong suat 70% va 30% tai dinh murc.
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Dé kiém ching hiéu qua cia bd diéu khién thich nghi, mé hinh
b6 bién ddi 3 pha va hé thong didu khién duoc xay dung trén
Matlab nhu thé hién trén hinh 7 va thyc hién mé phong trong
2 trudng hop: Bo diéu khién PI dugc thiét ké dwa trén mé hinh
d6i twong dugc xay dung trén mo hinh 1 pha nhu thé hién ¢
(26). Sau d6 b6 dieu khien thich nghi dugc thiét ké dé chinh
dinh tham s6 bo diéu khién PI da thiét ké. Két qua mo phong
dugc so sanh v6i nhau dé dénh gia hiu qua ciia bo didu khién
thich nghi.

Control part Power part
. —4 . =
Reference Model |
L v LS
|
=]

Estimat t :
e b Pulse Generator =

| R )
B S |
L Adaptive Controller Ej Phase 3
7 - \Z!
E™ i . — Measurement area -
& =0 B4 o—m
e a8 ||sca =2 =f=1
Measurement circuit =g B -

Hinh 7. So &6 md phong trén Matlab
Kich ban md phong:
- Tai 0.005s tai giam tir 100% vé 80% dinh mic
- Tai 0.01s tiép tuc giam tdi vé 60% dinh mirc
- Tai 0.015s tdt tir 3 pha vé 2 pha
- Tai 0.02s giam tdi vé 30% dinh mirc
- Tai 0.025s tdt tir 2 pha vé 1 pha

A. Két qua mo phéng tit pha, 3 pha c6 thong sé giéng
nhau

Output Voltage (P1)
T

488 ‘ T

Tat pha

Voltage(V)

1pha
— . S—

0 0.005 0.01 0015 0.02 0.025 0.03
Time(s)

Hinh 8.a. Hinh anh dién 4p d4u ra khi sir dung b PI théng thuong

Qutput Voltage (Adaptive PI)

461 ‘ Tlét pha | -
Iy | I ! ‘ | ]
Sz I I \ i \| 150mV]
40mV | | |
- A A F&&—F
SarsH | | - | v -
174 | I ‘ | il
| | | _ | ]
AP | 3pha o pha 1 pha
2= : : LS
0 0005 001 0015 02 0025 003

time (s)

Hinh 8.b. Hinh anh dién ap dau ra khi sir dung BDK thich nghi

Output Power (Adaptive PI)
T T

4000

3500 % } } - il

3000 ‘

=z 2500 i —

2000

1500 —

100% | 80% 60% | 30% |
1000/ >« » | T > ;|
o 0.005 0.01 0.015 0.02 0.025 0.03

time (s)
Hinh 8.c. Cong suét dau ra

Hinh 8.a & hinh 8.b 1an luot 12 hinh anh dép tng cua dién ap
dau ra khi sir dung bo PI thudng va by diéu khién thich nghi.
Hinh 8.c 1a cong suat dau ra twong mg. Trong truong hop
thong s6 3 pha hoan toan can bang, ta thay khi c6 sy thay doi
cua tai va tat pha, dap mg cua bo diéu khién PI thuong déu
dap ung t6t cac tiéu chuan dat ra. Tuy nhién, bo dleu khién
thich nghi lam viéc trén co sé diéu chinh tham s bo diéu
khién PI d¢ t6i thiéu hoa sai 1éch ciia dién ap dau ra bo bién
d6i v6i dau ra ciia mé hinh mau nén b diéu thich nghi van co
déap tmg nhanh hon va d6 dap mach dién 4p du ra nhé hon.
Trong truong hop tit pha tir 2 pha vé& 1 pha tai thoi diém
0.025s, do qua diéu chinh cta bo PI thuong 1a 0.88%, thoi
gian xac lap 1a Sms va do dap mach dién ap diu ra 1a 190mV.
Trong khi d6 bd diéu khién thich nghi cho d6 qué diéu chinh
la 0.43%, thoi gian xéc lap 1a 0.8ms va do dap mach dién ap
daura la 150mV. Piéu nay co thé giai thich do mé hinh dung
dé thlet ké bo diéu khién PI duoc xdy dung trén co s¢ nhiéu
phép gan dung va bo qua anh huong cua nhiéu tai, vi vay dap
Ung trong truong hop tai thay d6i s& khong duoc tot

Khi thong s6 cua cac phén tir trén 3 pha c6 sai sb trong qué
trinh san xuét, mo hinh bo bién ddi 3 pha s& c6 sy khac biét
v6i md hinh ciia bd bién ddi 1 pha, khi d6 chat luong ciia bo
diéu khién PI thiét ké trén co s¢ mé hinh toan hoc cua bd bién
di 1 pha sé& bi giam. Cac dap mach dién ap dau ra s& ting do
dap mach dong trén tu dau ra ting 1én. Dé kiém chung hiéu
quéa cua bo diéu khién thich nghi trong truong hop nay, két
qua mo phong duoc moé ta trén hinh 9 véi sai s6 ciia cac ty
cong huong duge gia thiét 1a 10% so vai thiét ké.

Output Voltage (Pl & Cr + 10%)
T

Tat pha

Tét pha

s
S
B4
>
1.36V
a7
3 ph
> ‘ pha > < leha > 1pha

0 0.005 0.01 0.015 0.02 0.025 003
Time(s)

Hinh 9.a. ién 4p dAu ra khi sir dung bo PI thong thuong (C + 10%)

Outwwoltago :Mapthu F&Crs 10%)

Tat pha Tit pha |
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[ 0005 001 0015 0025 003
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Hinh 9.b. Bién 4p du ra khi sr dung BDK thich nghi (C; + 10%)
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Output Power (Adaptive Pl & Cr £ 10%))

sooky 100% | 80% | |60% 130%
Ne—t— P ——————P ;
0 0.005 0.01 0.015 0.02 0.025
time (s) Hinh

9.c. Cong suat dau ra (C, = 10%)
Hinh 9.a & 9.b lan luot 1a hinh anh dép Gmg cta dién ap dau
ra khi sir dung bo PI va bo diéu khién thich nghi, hinh 9.c 1a
cong suat du ra twong tng.
Tai thoi diém 0.15s tai 60% dinh mtc va tit pha vé 2 pha. Bo
PI thong thuong co d6 qua diéu chinh 13 0.67%, thoi gian xac
lap 1a 2.5ms va d6 dap mach dién ap déu ra lén t6i 380mV
(>200mV). Bo diéu khién thich nghi dat dugc do qua diéu
chinh 0.25%, thoi gian xac 1ap 14 0.7ms va d§ dap mach dién
4p dau ra chi 180mV (<200mV).
Tai 0.02s, 2 pha giam tai tir 60% xubng 30% , bo PI thong
thuong c6 d6 qua diéu chinh 14 1.43% (> 1%), thoi gian xac
lap 1a 4ms va d¢ dap mach dién ap dau ra 205mV (>200mV).
B diéu khién thich nghi dat dugc d qua diéu chinh 0.52%,
thoi gian x4c 14p 13 1.5ms va d6 dap mach dién ap dau ra chi
130mV (<200mV).
Tai 0.025s, 30% tai tit pha tir 2 pha vé 1 pha. By PI thong
thuong c6 do qua diéu chinh rat 16n 1a 2.83% (>1%), thoi gian
xac 1ap 1a Sms va d6 dap mach dién ap dau ra 1a 209mV
(>200mV). Bo diéu khién thich nghi dat dugc do quéa diéu
chinh 0.52%, thoi gian xac 1ap 1a 0.8ms va d§ dap mach dién
4p dau ra chi 160mV (<200mV). Céc két qua duoc liét ké va
so sanh trong bang 2 va bang 3.

Bang 2: So sanh chét lugng diéu khién khi tit tir 3 pha vé 2 pha

Thong s6 Adaptive PI Pl
Thoi gian x4c 1ap (us) 700 2500
D6 qua chiéu chinh (%) 0.25 0.67
Dap mach dién 4p dau ra (mV) 180 380

Bang 3: So sanh chét lugng diéu khién khi tit tir 2 pha vé 1 pha

Théng sb Adaptive PI PI
Thoi gian x4c 1ap (us) 800 5000
D6 qua chiéu chinh (%) 0.52 2.83
Dap mach dién 4p dau ra (mV) 160 209

Cac két qua md phong cho thiy, viéc str dung bo diéu khién
thich nghi 1a mot giai phap pht hop gitp cho bo bién d6i LLC
3 pha dé dang dap ung dwoc yéu cau ki thuat cua cac bo ngudn
vién théng trong cac ché do 1am viéc khac nhau (Do dap mach
dién 4p dau ra < 200mV va do qua diéu chinh < £ 1%).

B. Két qua thuc nghiém

Dé kiém ching bang thuc nghiém, nhém xay dung mé hinh
bo bién d6i 3 pha véi cong suat 3.6kW nhu dugc md ta trén
hinh 10. Hé thdng diéu khién dugc trién khai trén nén tang
diéu khién sb sir dung DSP TMS320F28379.

Hinh 10 thé hién dang dong dién cong hudng trén 3 pha cia
bd bién ddi. Dong dién c6 sy mat can bang dang ké do cac
tham sb ctia mach cong huéng trén 3 pha c6 su sai léch. Két
qua thyc nghiém & hinh 12 cho thdy cac van MOSFET bén
phia so cép da dat duoc chuyén mach ZVS dung nhu thiét ké.
Quad trinh khéi dong va dién 4p ra cia bo bién déi duoc thé
hién & hinh 13. Bo diéu khién da c6 kha nang 6n dinh dién ap
ra & 48V vdi sai 1éch tinh < 0.2V (0.4%).

Hinh10. M6 hinh thuc nghiém mach LLC 3pha — 3.6kW

Hinh 11. Dong cong huong trén 3 pha

Hinh 13. Qua trinh khoi dong va Bién ap diu ra 48V, cong suét 3.6 kW
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Hinh 16. Dang dién ap dau ra khi chuyén tir 2 pha xuéng 1 pha

Két qua thuc nghiém & hinh 14 cho thiy dap mach dién 4p dau
ra 12 816 mV cao hon so véi mé phong 1a 160 mV. Diéu nay
¢6 thé 1y giai do hai nguyén nhan: Thir nhat, cac théng s clia
mach cong hudng dugc ché tao thu cong nén cd su mAt cin
bang gitra 3 pha, dan dén dong dién cong huong giita 3 pha
léch nhau nhu thé hién trén hinh 11, va dap mach dién ap dau
ra s€ tang. Thu 2, Céc tu dién daura co noi tré 16n hon so véi
mo phong vi vay dap mach dién ap dau ra ciing 16n hon.

Céc két qua thuc nghiém & hinh 15 va 16 1a dién ap dau ra khi
c6 tét pha tir 3 pha xuéng 2 pha ¢ hinh 15 va tir 2 pha xudng
1 pha ¢ hinh 16. Két qua thyc nghiém c6 xu huéng tuong tu
nhu két qua mé phong khi qua trinh chuyen tir 2 pha xuong 1
pha dién 4p bién dong nhiéu hon khi chuyén tir 3 pha xubng 2
pha. Tuy nhién khi chuyén tir 2 pha xuéng 1 pha, d6 qua diéu
chinh 16n hon nhiéu so v6i md phong. Diéu nay 1y giai duoc
do sy mat can bang va ndi tr cia cac tu dau ra 16n hon so voi

thiét ké. Hon nita ki thuat do trong thuc nghiém ciing gay ra
sai sO gitra két qua mo phong va két qua thuc nghiém.

5. Kétluan

Trong bai béo, cu trdc va thuat toan bo diéu khién thich nghi
MRAC st dung luat MIT da dugc phan tich va ap dung trong
c4u trac bo bién doi cong huong LLC (3 pha, tit pha va dung
sai cua linh kién gira cac pha khong can bang) Céc két qua mod
phong cho thay viéc sirdung bd diéu khién méi cho chat lwong
diéu khién tét hon bo diéu khién PI thong thuong gilp viéc
thiét ké bo blen dol 3 pha dé dang dap tmg duoc cac tiéu chuan
cua bo nguon vién thong hon trong cac truong hop tat pha hoic
c6 sy thay d6i tham s so vai thiét ké. Két qua thuc nghiém
mic du chua thyc sy tét nhimg ciing cho két qua c6 xu hudng
twong tw nhu mo phong, gilp ching minh tinh hiéu qua cua
phuong phéap diéu khién dé xuat.
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Abstract

This study aims (i) to design optimal controllers for a Delta robot, and (ii) to experiment with controlling the robot’s end-effector tracking
reference trajectories. Delta robot is a parallel robot that has a fairly wide range of uses in industries. There exist many methods for tracking
control of the Delta robot, and PID controller is a popular choice because of its low cost of design and experiment. However, arm parameters
such as weight, joint, and friction can be changed and affect the operation of the whole system, where PID controllers no longer maintaining
control quality. Therefore, this paper presents the analysis, comparison, and evaluation of using the Genetic Algorithm (GA) for self-tuning
the PID controller based on criteria of the absolute value of error (IAE). On the other hand, this paper also presents experimental steps to
control the Delta robot. Results with GA-PID controller indicate that robot responses archive settling time of about 0.5 (s), and the overshoot
is only 3.14 %. Experimental results also show that the proposed algorithm is stable and has a fast response in controlling the motion of the
Delta robot.

Keywords: Delta robot, Parallel robot, PID, GA, Trajectory tracking.

Z-N Ziegler-Nichols
Ky hi¢u AC Alternating current
GA Genetic Algorithm

Ky hieu Ponvi Y nghia UART Univers_al Asynchronous Receiver /
6,6,,6, rad G6c quay cac chan trén cua ro- Transmitter

bot RFNNC Recurrent Fuzzy Neural Network Con-
my kg Khéi luong chén trén trol
My kg Khéi luong chan dudi DSP Digital Signal Processing
Mp kg Khéi luong tdm chuyén dong i
f m Chiéu dai canh tam giac déu dia Tom tat

nén trén
e m Chiu dai canh tam giac déu dia Nghién ctru nay nham (i) dé xuét thiét ké bo diéu khién tdi uu

chuyén dong dudi cho robot Delta va (ii) thuc nghiém diéu khién d¢au mat robot
R m Ban kinh tdm nén ¢4 dinh bam theo quy dao tham chiéu. Robot Delta Ia loai robot song
r m Ban kinh tdm chuyén dong song ¢6 pham vi s dung khé rong trong cdc nganh cong
L1 m Chiéu dai chan trén nghiép. Viéc diéu khién bam quy dao cua robot Delta hién cé
L, m Chiéu dai chan duéi nhiéu phuong phép, trong d6 bo diéu khién PID 1a mot chon
a rad Goc tach chan trén so vdi mit lya phé bién do chi phi thiét ké va thuc nghiém thép. Tuy

' phing Oxgyo bang goc tach chan nhién, cac tham s cua canh tay nhu trong luong, khop ndi va
duéi so v6i mit phing Pxpyp ma sét c6 thé thay ddi va anh huong dén hoat dong cua ca hé,

ma & d6 bo diéu khién PID khong con duy tri tot chat lugng
diéu khién. Vi vay, bai bao nay dwa ra phan tich, so sanh va

Tir viét tat lien. 10 1 ra ph :
danh gia viéc ung dung giai thuat di truyén GA (Genetic Al-

DOF Degrees of freedom gorithm) dé ty chinh bo diéu khién PID dya theo tiéu chuén
: I tich phan tri tuyét d6i sai sb (IAE). Ngoai ra, nhom tac gia con
PID Pr_oportlonal Integral Derivative trlen khai thuc nghi¢m diéu khién robot. Két qua st dung bd
o~ Direct current didu khién GA-PID vai thoi gian xéc Iap 0.5 d6 vot I§
IAE Integral Absolute Error icu khi¢ voi thoi gian xéc Iap 0.5 (s) va do vot 16
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nho 3.14 %. K&t qua thuc nghiém cho thay giai thuat dé xuat,
¢ tinh 6n dinh va dép tng nhanh trong qué trinh dieu khien
chuyén dong cua robot.

1. Phéin mé diu

Trong linh virc cong nghiép, viée tdi uru hda san xudt 1a rat can
thiét, tuy nhién ciing mang lai mot thach thirc 16n cho cac cong
ty san xudt robot tir nhimg ndm 80 [1]. Vi vay, cac cong ty
ludén phai nghién ctru ché tao ra nhimng loai robot khac nhau,
dé ti wu hoa san xuat cong nghiép. Trong d6, Delta robot hay
coOn goi l1a robot song song ba bac tur do (Delta robot 3-DOF),
1a mot loai co ciu hoat dong kha linh hoat. Cac chudi dong
luc hoc khép kin cua robot nay c6 dic diém nhu téc do, luc,
d6 chinh x4c 1am cho chung trd nén phd bién va dugc sir dung
rong rai trong cac hoat dong cong nghiép [2]. Bén canh d6, do
cAu trac phtrc tap ctia robot nay, lam cho chung tré thanh mot
trong tdm nghién ciru thu vi. Robot song song bat dau duoc
nghién ciru vao nam 1939, khi Pollard xay dung mdt robot
diéu khién vi tri cia mot khau sting phun [3]. Trong bdi canh
nay, cac robot khac c6 cing mot kién truc da dugc thyc hién.
Vi du, mdt robot dugc dé xuit boi Stewart voi hai nén tang
dam bao sy 6n dinh ¢ dinh trong mét co so tinh [4]. Nim
1985, mot loai robot song song di duoc phat trién va xay dung
trong Ecole Polytechnique Federale de Lausanne (EPFL) goi
l1a robot tap trung vao phuc vu cdng nghiép [5]. Dya trén robot
nay, kién tric méi duoc thuc hién theo cac dic tinh can thiét
trong cong nghiép va truong hoc. Vi du d6 1la mot robot véi
d6 chinh xac cao nhung chuyén dong cham, dugc st dung
rong rai trong cac may in 3D [6].

Bai bao hudng dén hai muyc tiéu chinh, mot 1a dé xudt thiét ké
cac bo didu khién tdi uu cho robot va hai la diéu khién goc
quay ciia robot. C6 mot sé phuong phép thiét ké bo diéu khién
khac nhau phy thudc vao cac yéu cau thiét ké sao cho phut hop
v6i nhing tng dung cu thé, trong d6 bo diéu khién PID cb
thé 12 mot chon lua cho b diéu khién bam quy dao robot vi
chi phi thiét ké, tinh toan va thi nghiém thap. Tuy nhién, céc
tham s6 khong lién quan dén bo diéu khién cac canh tay nhu
trong luong, khép, ma sat va luc quan tinh lam thay doi cac
hoat dong cua ca hé thdng khép kin ma & dé bd diéu khién
PID khéng con duy tri diéu khién bam quy dao. Vi vdy, bai
bao nay dua ra phan tich, so sanh va danh gia cac giai thuat
diéu khién tu dong chinh dinh GA-PID véi bo diéu khién PID
kinh dién trén tiéu chuan danh gia tich phan tri tuyét di sai
s6 dé co dugc higu suat tot hon cua hé thong vong kin. Giai
thuat GA [27-28] c6 kha nang tim nghiém toan cuc véi bai
toan t6i wu, vi vay viée sir dung GA trong nghién ctru nay
nhim tim gié tri toi wu toan cuc cho bd diéu khién PID. Cac
phuong phap nghién ctru duoc mé phong bang phan mém
MATLAB/Simulink va thyc nghiém diéu khién géc quay ciia
ba déng co AC servo trén mo hinh Delta robot 3-DOF ma
nhom da ché tao.

2. Xay dung moé hinh dong luc hoc cia Delta
robot 3-DOF

2.1. M6 hinh cia robot

V6i mo hinh nay khéu BiDi duwoc md hinh hoa thanh hai chat
diém dat tai B; yé Di, mdi chat diém c6 khoi lugng my va duoc
noi véi nhau bang thanh cung, khong trong lugng. Nhu vay,

m6 hinh dong lyc hoc cia robot nay bao gém 4 vat ran, trong
d6 cac khau AiB; (i=1, 2, 3) chuyén dong quay quanh céc truc
vudng goc véi mat phang OAB; tai AiBi ¢6 khoi lwong m; va
3 chat diém dat tai cac diém Bico6 khoi lwong my =m, /2, va
vt ran con lai 1a ban may chuyén dong (bao gdm ba chat diém
gin tai Dj) chuyén dong tinh tién c6 khdi luong (mp+3mb)
Trong d6 m, 1a khéi luong ciia khau thao tac chuyén dong c6
tam P. Trén cac khau A;B; dat cac luc phat dong 7, (i =1, 2,3)
nhu hinh 1. Khi thanh 14p md hinh déng luc hoc cta robot, tac
gia st dung phuong trinh Lagrange dang nhén tu d€ thiét 1ap
phqo*ng trinh chuyén dong. Toa d6 suy rong du dugc chon dé
thiét 1ap phuong trinh chuyén dong cia robot la:
q:[9192 93 X ¥p ZP] (1)

Hinh 1: M6 hinh déng luc hoc cua robot [7]
2.2. Xay dung mé hinh dgng luc hec cia robot

Dé xay dung md hinh dong luc hoc cua Delta robot 3-DOF,
tac gia da tham khao trong céc tai liéu [7-11] bao gém céc
phuong trinh chuyén dong cua robot 13 hé phwong trinh vi
phén — dai s6 dugc trinh bay nhu sau:

- 1
(Ily +mb"f)91 = gLi[Em1+mb)00591+rl—

)
24,1, (sing, (R - 1) - cosasingx, —sinezsing,y, —cos6iz, )
(1, +m)6, = ng[ m +mbjc050 +7,- @)
24,1, (sind, (R —r) - cosasing,x, - sinasing,y, - cost,z, )
(IIy +mth)é3 = gL1[1r711 +mbjcos€3+13—
2 @
ZﬂsLi(sinHS(R - 1) - cosasing,x, - sinasingly, —cos&szp)
(m, +3m, )%, =-24 (cosey (R - )+ L cosacos6, X, )
-22, (COSaz( R—r)+Lcosa,cos6, - xp) (5)

-2, (cos% (R—r)+Lcosa,cos6; - xp)

(m, +3m, )§, =24 (sina, (R-r)+L,sinezcosf, -y, )

- 227(sin a,(R-r)+L;sina,cosd, - yp) (6)
—213(sina3(R—r)+Llsinaacoso93—yp)
(m, +3m, )7, =—(3m, +m,) g + 24z, +Lsing,) @
+ 24, (2, +Lsing, ) + 244z, +Lysing, )
L5 —(cose, (R—r)+ L,cosa,cost; - X, i
-1 | o

(sinal(R ~ )+ Lsinacosé, - yp)2 —(Llsiné?1 +zp)2 =0
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5 —(cos:zZ(R — 1)+ L,cosa,Cost), - xp)z - @ m, la khéi luong ban méay dong.
9
(sine, (R-r)+ Lysina,cost, - yp)2 ~(Lsin, +zp)2 =0 M, la khoi lugng dit tai diém A(i=12,3).
- ( cosaty(R 1) + Lcoset,cost )2 B Céc hién trang thai dugc dinh nghia tror:g mo hinh:
(10) s=[91 6, 6, x, vy, zp] (12)

2 2
(sina (R )+ Lsinacos, - y"), ~(Lsing; +,) :,0 Céc bién ngd vao va ngd ra duoc dinh nghia:
Céac phuong trinh tir (2) dén (10) dwoc viét lai dudi dang ma u=[, 7 =]
tran nhu sau *e (13)
M(9)5 +g(s) + ] ()4 = an v=lo. o ol
f(s)=0 Tur hé phuong trinh chuyén dong cia Delta robot 3-DOF (2)
dén (10), tac gia da xay dung dwoc md hinh dong luc hoc

Trong do: chuyén dong cua robot trong MATLAB/Simulink, ché tao

|iy = |1y = |2y = |3y la ten-xo quan tinh. khung co khi md hinh robot, nhom da ché tao va thuc nghiém
trong hinh 2.

M, 1a khdi lugng gan voi cac khau B,D,,(i=12,3)
Taul
Taul

Tau3

s
Thetaldotdot  Thetaidot Thetal

Taut

1
'f |
ddX d; J ) ; |
2
Lamda2 . theta2
Theta2dotdot Theta2dot Theta2
Tauz
_‘M
ddy dy Y
U I f(w) I—»J
Lamdas . n3
— Theladdoldot Thetaddot ~ Theta3 e
GO
Taus ED

N,  Ha
‘
,

—]

Hinh 2: M6 hinh déng lec hoc chuyén dong cua Delta robot 3 - DOF xay dung trong MATLAB/Simulink
va két cu co khi md hinh robot thyc ma tc gia ché tao phién ban 2 [11]

quay nén s& c6 3 dong co diéu khién dong thoi [12- 13]
3. M6 hinh diéu Khién Delta robot Nhom tac gia dang thuc nghiém diéu khién chuyén

dong khop quay cia robot, st dung ba dong co AC
Chuyén dong mdi khép cia robot 1a chuyén dong quay, Servo Motor Three-Phase 200V [14] duoc trinh bay
duge didu khidn béi mét dong co riéng, do co 3 khgp  trong hinh 3.
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Reference
angle 1.2.3 @
ap DSP C2000
TMS320F28379D
MICROCONTROLLER
e e

Quy dao tham chiéu duge xay dung tir khéi dong hoc
nguoc [15], dé tao ra cac goc tham chiéu 1, 2, 3 dua
vao bo DSPC2000 MicroController. Trong
DSPC2000, s& nap bo diéu khién da thiét ké t6i wu va
truyén thong online véi may tinh, thong qua giao thirc
UART Communication. Ng& ra cia DSPC2000 la dang
xung PWM, dua vao Driver YAKAWA Servopack,
ngd ra cua Diver Servopack 1a dién ap Uac diéu khién
dong co chuyén dong khép quay cta canh tay robot,
thong qua dong co AC Servo Motor Three-Phase 200V.
Tbc d6 va chiéu quay ciia dong co thay doi nhanh hay
cham, phu thudc vao d rong xung ngb ra cua
DSPC2000. Ngd ra cua dong co dua hdi nguge vé bd
tong, dé cho ra sai sb 13i error giita goc tham chiéu va
goc thye té tra vé bo diéu khién DSPC2000 théng qua
hai Encoder A va Encoder B, dé xac dinh vi tri va chiéu
quay thuan nghich cta dong co.

4. Bo diéu khién PID

Thuét toan diéu khién du tién dwoc &p dung cho cac
bo giiéu khién chan dan dong robot !é thuat toan diéu
khién vi tich phén ty 1€ PID kinh dién, dugc xac dinh
boi [16] dugc trinh bay cdng thuc (14)
de(t

Uno (1) = er(t)+KD#+ K, fe(t)dt (14)
Nhiém vu cua nguoi thiét ké bo diéu khién PID dugc
xdc dinh bai (14), 1a chon lua b ba gia tri {Kp, Kd, Ki}
thoa mén cac yéu cau ve chat lugng dieu khién dugc
trinh bay trong so do6 diéu khién hinh 4

Actual
agle 123

Reference
angle 123 PID
eror CONTROLER

DELTA ROBOT
3 DOF

Hinh 4: So dbd diéu khién dung thuat todn PID
Trong so do6 diéu khién c6 khoi déng hoc nguoc [15]
dé chuyén doi tir vi tri tham chiéu [X,e , Yire » Zirer ]

sang cac goc tham chiéu[6,,,; 6, .6, 1, NGO ra cua
robot c6 khdi dong hoc thuan [15] dé chuyén d6i cac

Actual
angle_1.2.3

x:_\'>

DRIVER YAKAWA
SERVOPACK

ACSERVO MOTOR
THREE-PHASE 220V

ENCODER
Hinh 3: So d6 khbi mé hinh diéu khién dong co AC Servo Motor Three-Phase 200V cua robot

o,

gocthuc [6,..,6ae  Biaee ] - SANG Vi tri thuc tai tdm P cua

tam chuyén dong (X _actr Yo_acts Zp_act] -

Theo phuong phap Z-N va phuong phap auto-tuning
[17-18], trong qué trinh md phong, bo thdng sé thuat
toan diéu khién PID duoc tac gia chon nhitng thdng sb
ctia bo diéu khién PID, trong cdng trinh Luan &n Tién
s ctia tAc gia Nguyén Dinh Diing di cong bb trén cing
md hinh robot [19], dé diéu khién bam quy dao robot
va so sanh céc két qua dat duoc cua thuat toan diéu
khién PID so véi bd didu khién GA-PID.

5. XAy dwng bd diéu khién GA-PID
5.1. Thiét ké b diéu khién GA-PID

Giai thuat Z-N duoc ap dung dé xac dinh ba théng sé
cua bo diéu khién PID. Ba thong s6 nay 1a co so dé gigi
han khdng gian tim kiém cua giai thuat GA. Giai thuat
GA c6 kha ning tim dugc diém cuc tiéu toan cuc, Vi
vay viéc str dung GA trong nghién ctu ndy nham tim
gia tri t6i wu toan cuc cho bo diéu khién PID. Nhiém
vu cua giai thuat GA 1a chon loc bo ba {Kp, Kd, Ki} tdi
wu cho bo diéu khién PID, thoa man ham muc tiéu IAE
duoc trinh bay trong so do hinh 5.

Actual
i
DELTAROBOT |-
3 DOF
a8 Kp, Ki K

Hinh 5: M6 hinh bo diéu khién GA-PID

5.2. Luwu do giai thuat cia GA

Giai thuat GA duoc hd trg boi phin mém
MATLAB/Simulink va dugc trinh bay chi tiét trong ba
tai liéu tham khao [20-22]. Giai thuat GA cd kha nang
tim dugc diém cyc tiéu toan cuc, vi vay viéc sir dung
GA trong nghién ctu ndy nham tim gid tri téi vu toan
cuc cho bo diéu khién PID, dé dat dugc céc gia tri
{Kp_opt, Kd_ opt, Ki_ opt} thoa man ham muyc tiéu cua
giai thuat GA trong (16) véi khong gian tim kiém dugc
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gidi han boi (17) duoc trinh bay véi luu d6 giai thuat

hinh 6.

Khai tao quén thé ngau nhién
ban dau cho (K, K, Ki}

p—

Thiét 1ap PID vi mo phong hé
vong kin dé xac dinh e(?)

l

Ude lugng gia tri
ham muc tiéu J

Sinh thé hé moi ¢ Yes

|

Luu gia trj tdi wu
No K, opt
1 Ky om
Cic thu tuc cua GA Ki opi
Chen loc
Dot bien
L ]

Hinh 6: Luu db tiénrtrinh gidi thudt di truyén dé xac dinh thong
s0 bo diéu khién PID

Trong giai thuat GA thi mdi phan tu s& chira ba tham
s6 Kp, Ki va Kp tir d6 ta xay dung cac budc cua luu d6
giai thuat di truyén, dé xac dinh cac thdng sb ti uu toan
cuc cho b diéu khién PID.
Tién hanh ti vu hoa dua theo tiéu chuan IAE (15) va
ham muc tiéu (16) tham khao trong [23-28]:

IAE:J = T|e(t)|dt (15)

trong d6 e(t) =theta,, , ; ref —theta,, , 5 act
Giai thuat GA duoc &p dung la tim kiém céc gia tri
{Kp_opt, Kd_opt, Ki_opt} t6i uu cua bo dieu khién
PID, ma & d6 cac ham J dat gia tri cuc tiéu. Vi vay ham
muc tiéu cua giai thuat GA la:
Fitness = min {J} (16)

Nham gisi han khong gian tim kiém cua giai thuat GA,
ta gia thit cac gia trj toi wu {Kp_opt, Kd_opt, Ki_opt}
nam xung quanh gia tri {Kp_zn, Kd_ z, Ki_zn} dat
dugc tu giai thuat Z-N. Cac giéi hap tim kiém tuong
tng cho ba thdng so6 caa bo diéu khién PID nhu sau:

aKPfZ—N < KPiupt < ﬂKpfsz

adesz < Kdﬁopt < ﬂKrLLN (17)

aKLZ—N < Kiiopt < IBKszN

Trong d6, céc hé 6 a va A dugc chon sao cho khong
gian tim kiém du rong dé chura dugc gia trj toi uvu.

6. Két qua md phéng va thwe nghiém

Trong bai bao nay, tac gia da tién hanh thuc nghi¢m
trén quy dao duong tron, d€ danh gid tinh on dinh cua
hai bd diéu khién dugc trinh bay trong so d6 hinh 7.

Thelat st
Upid_1
thetal_act
theta2 ref i 2 FORCE_CONTROL
REF_ANGLE thetaZ act .
thela3 raf
Upid 3
b theta3_sct
FID CONTROLLER
X0Y0 —|:‘|_
TR
put_1 AB1 Taut thetat_act
thetal_rel R o
|| Tau1
(—— theta!_act - Input_3 L : J@
theta2_ref ¥ Oulput, 2 AG2 Tauz2 theta2_act|
L Input 4
theta ref Ei = \—, Act. Trajectory
Ial g Tau 2 Input_5 Forward_Kinematic
theta3_re M s O3 | T3 theta3_act|
dangh
fanghacnguoc Input_Output SWITCH T =
[C]
Inverse_Kinematic
GA_FID CONTROLLER
ol Tratory L]
Xdvd Clock ~ time
—l—@ 5:’

ACT_ANGLE

Hinh 7: Bo diéu khién GA-PID xay dung trong MATLAB/Simulink

Trong so d6 hinh 7 gom hai bo diéu khién, 1a bo diéu
khién PID vdi cac thong sé tham khao tir [19] va bo
diéu khién GA-PID ma tac gia da xay dung dé so sanh
danh gia cht luong cua hai bo diéu khién trén clng
mot md hinh robot.

6.1. Poi twong diéu khién:

Déi twong diéu khién Ia robot véi cac thong sb dugc
trinh bay trong bang 1.

Bang 1. C4c thdng s cua robot

Ky hiéu Don vi Y nghia

A 0(rad)

Goc léch tay 1 so véi truc Ox cia tAm|
¢0 dinh

27 Géc léch tay 2 so véi tryc Ox ciia tAim
Az ?(rad) b dinh '
4r Goc léch tay 3 so véi truc Ox clia tAm
As — (39 1c6 dinh Y '
m1 = m1 5 z. , A A 3
- 0.42 (kg) |Khoi lugng cua 3 chén trén bang
-m nhau
1.3
m2 1= m2 2 X: | , A P
- - 0.1 (kg) |Khoi luong cia 3 chén dudi bang
_ _ nh
- mz_a - 2mb au
m, 0.75 (kg) |Khéi lwong tim chuyén dong
f 0.32 (m) |Chiéu dai canh tam gidc déu dia nén
trén

0.052 (m) Chiéq dai canh tam gidc déu dial
chuyén dong dudi
R 0.266 (m) |Bén kinh tdm nén ¢ dinh
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r 0.04 (m) _|Ban kinh tim chuyén déng
L 0.3(m) [Chiéu dai chan trén
L, 0.8 (m) |Chiéu dai chan dudi
0.084 o A
|1y = Izy = |3y (kg.m?) Ten xo quan tinh 3 tay trén
[0.32; s Ao A A 2
038 Vi tri ban dau ctia tim P tam chuyén
[X;e s Yor Zop] _0‘7]'(m) dong
g9 9.81 (m%s) |Gia tbc trong truong

Céac tham sb caa 3 bo diéu khién PID dé diéu khién 3
canh tay robot dwoc chon theo [19] vai:

Ke = diag (800,800,800)

Ko = diag (100,100,100)

Ki = diag (150,150,150)
Cac tham s cua giai thuat GA trong bai bao nay dugc
chon lya nhu bang 2.

Bang 2. Céc tham sé giai thuat di truyén

S c4 thé trong quan thé 40

S6 nhiém sic thé trong c4 thé 9

S gen trong nhidm sic thé 10
X4&c xuat dot bién 0,001 - 0,01
Xac xudt lai ghép 0,1

S6 thé hé tdi da 100

o 0,02

B 50

6.2. Két qua md phoéng:

Quy dao tham chiéu s6 1a dwdng tron nhu (18):
X(t) = 0.17*sin(2*pi*t/10) +0.3
y(t) = 0.17*sin(2*pi*t/10)*cos(2*pi*t/10) +0.2 (18)
z=-0.7
Két qua chay mé phong bo diéu khién GA dugc trinh
bay trong phu luc [1-2] va dat cac két qua sau:

Thetas of Delta Robot (rad/s)

T =
12 oy thetatref - -
0 ~o — — —thetatPD| - -

B e == —thetatGa | -
0.8 e > -
S 08 S e
04 ~tmerl o
02
[] 50 100 150 200 250 300 350
-02 -~
e =~
- - = -
Tz NSl =T ~u =
2 Ui Al e thelaZ-ref RN
= .03 S = = — — —theta2PID I
— = —theta2-GA
035
[] 50 100 150 200 250 300 350
2
hetadrel
- — — —thata3PID
——— i y -
2, - T thetad-GA -
= S - o
Sl
0
[ 50 100 150 200 250 300 350

Time(s)
Hinh 8: Bap ung cac goc véi quy dao duong tron

Control signal PID of Delta robot 18 Control signal GA of Delta robot

o T — — — Taul-PID Taul-GA
v ==~ — 20
3| oz
=100 Iy 22
i
200 I 24
20 40 80 80 20 40 60 a0
A -40
— e
) E——meny] =
- o
g0l - & -42
=4 1 - =
w© [T
B 44
20 40 &0 80 20 40 80 a0
e Tau3-GA
au3-
200 Tau3-PID
3 g%
2 100 H
Yo © a0
-100 "
20 40 &0 80 20 40 60 a0

Time(s) Time(s)

Hinh 9: Tin hiéu diéu khién véi quy dao duong tron

The Circular Trajectory of Delta Robot

Reference

— — —PID-Trajectory
—— GA-Trajectory

01 015 02 025 03 035 04 045 05 055
X(m)

Hinh 10: Bap ung quy dao duong tron
The Circular Trajectory of Delta Robot when carrying a load of 0.6 Kg
0.4

Reference
— — — —PID-Trajectory
0.35 e - ——— GA-Trajactory
7 s
0.3 //
fi Ny
0.25 / A
! )
E 0.2 ‘| }
> \
AY
0.15
\ N
N
0.1 ~
~ ~ ~
0.05 T ‘:://
0
01 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55
X(m)
Hinh 11: Bap tng quy dao duong tron khi robot mang tai thém 0.6
Kg

Sau khi tién hanh cai tién bo diéu khién PID sir dung
giai thuat di truyén, sau 40 thé hé bo diéu khién nay
duoc ap dung cho mo hinh diéu khién hdi tiép am don
vi nhu hinh 7. Két qua mé phong cho thay riang dap tng
cua thuat todn GA tét hon so véi bo didu khién PID
kinh dién, voi thoi gian xac 1ap khoang 0.5 (s) va vot
16 nho khoang 3.14 %. Chi tiéu chét lugng duoc trinh
bay ¢ bang 3.

Béng 3. So sénh céc chi tiéu chét lugng hé théng

Tiéu chudn

chdt lwgng PID GA

Céc goc glact €2acl 03act glact 02act 03acx
Votlé (%) | 461 | 22 | 3233 | 314 | 357 | 3233
Thoi gianxdc | 6 46 | 40 | 0014 [1.1777]0.0491|0.2846
13p ()

Sai so xdc 0.003 |0.006 | 0.002 |0.0005]0.0002 |0.0055
lap (rad)

6.3. Két qua thwc nghigm:

Delta robot 3-DOF phién ban 3, dugc tac gia cung
nhém nghién ctu ché tao va thuc nghiém vao nam
2022, sir dung 3 déng co AC servo 3 pha 220Vac. Cac
bo didu khién thong minh dugc xdy dyng trén
MATLAB/Simulink dé diéu khién vong kin robot
Delta 3-DOF, bam theo quy dao dat trude 1a quy dao
vong tron va quy dao hinh s 8. Uu diém cua phién ban
3 1a khung co khi dwoc téi uu vé& khdi Iugng, ciing nhu
khong gian lam viéc va mach diéu khién duoc st dung
vi diéu khién DSPC2000 cua Texas Instruments, uu
diém cua phién ban 3 1a robot hoat dong nhanh va chinh
xéc, luc quan tinh nho va robot c6 thé mang tai 1én dén
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vai Kg. Bdng thoi tich hop cac bo diéu khién thong
minh, dé diéu khién on]ine vong kin, hai tiép Encodgr.
Thoi gian thuc giao tiép véi cac thuat toan diéu khién

thong minh, duoc tac gia xdy dung trén phan mém
MATLAB/Simulink, dé diéu khién bam quy dao Delta
robot 3-DOF duogc trinh bay trong hinh 12.
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Hinh 12: Ung dung giai thuat diéu khién thong minh trén hé thuc nghiém Delta robot 3-DOF phién ban 3

Céc thong sb caa robot phién ban 3 trén hé thuc nghiém, dugc
tac gia cung nhom nghién ctu xay dung [11], [29], [30] va
duoc trinh bay trong bang 1 & trén va cac thdng sé cua 3 bo
didu khién PID roi rac tham khao trong [29], [31] va duoc
trinh bay trong bang 4.

Bing 4. Cac thong sé cta 3 bd PID roi rac

Céc thong so cua bo | 1 1 02; Ki =0.00008; Kd = 0.009
PID roi rac 1
Cacthong socaabd | p —1; Kj = 0.00008; Kd = 0.0009
PID roi rac 2
Cac thong so cuabd | i — 0,98, Ki = 0.0000L Kd = 0.009
PID roi rac 3

Quy dao dudng sb 8 dwoc tao ra bang cach lap trinh trong khéi
MATLAB Function, dugc trinh bay trong cong thirc (19), thoi
gian lay mau chon 12 0.01(s) va thoi gian chay thuc nghiém
dugc chon 1a vo cuc (t=inf).
¢ = 10+6*cos(t) (cm)

Y, = 10+6*cos(t)*sin(t) (cm) (19)

z,, =-590 (cm)
Cac két qua dat dugc khi chay thuc nghiém voi quy dao duong
s6 8, trén phién ban 3 dugc trinh bay trong phu luc [3] va cac
két qua dat dap ung cac goc, dap tng cac sai s6 va dap tng

lyc tac dong lam quay 3 canh tay vé quy dao duong s6 8 dugc
trinh bay tir hinh 13 cho dén hinh 15.
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Response of Theta 2
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Hinh 15: Pap ting goc Theta 3 ctia quy dao dudng s 8

Quy dao thuc té cua duong s6 8 dugc trinh bay trong hinh 16
va dugc thuc nghiém phu luc [3].

Hinh 16: Dap img thuc té cia qu§ dao dudng sé 8

Sau khi thuc nghiém trén quy dao duong sé 8, ta thiy quy dao
thyc cua Delta robot 3-DOF bam theo duong s6 8  nhung chat
lwong chua dat dwoc nhu mong mudn, véi sai s nam trong
khoang [-1.57/180;1.57 /180](rad) va vi tri cay bat con

rung lic. Do han ché vé vt liéu va kha nang co khi chinh xéc,
nén phan chan dé va cac tay may cua Detla robot 3-DOF chua
du cang viing, dan dén bi rung lac trong qua trinh hoat dong.

7. Kétluin

Bai bao trinh bay mot phuong phéap tim kiém gid trj tbi wu cua
bo diéu khién PID bang giai thuat GA, thoa man ham muc tiéu
IAE dya trén cac gia tri khoi diém xéac dinh boi giai thuat Z-
N. Uu diém 16n cta phuong phap nay 1a thiét ké dugc bo diéu
khién t6i wu, dé diéu khién trén cac mé hinh toan cua dbi
tugng diéu khién khac nhau va giai thuat GA c6 kha nang tim
duoge diém cuc tiéu toan cuc. Vi vy, VIeC s dung GA trong
nghién cau nay la nhim tim ra gié tri tdi uu toan cuc cho bo
diéu khién PID. Tuy nhién, nhwoc diém cua phwong phap nay

1a phai chay rat nhiéu vong hdi tiép am don vi dé xac dinh gia
tri ham muc tiéu, trong qué trinh &p dung giai thuat GA. Viéc
thiét ké bo diéu khién thoi gian thuc, trg nén kha thi cho nhiéu
ddi twong bang céch két ndi may tinh vao céc thiét bi do dac
va hoi tiép vong kin dé diéu khién. Bong thoi, nhom tac gia
da thiét ké, ché tao va thyc nghiém thanh cong phién ban 3
cua Delta robot 3-DOF tai truong Pai hoc Su Pham K§ Thuat
Vinh Long dugc trinh bay trong phy luc [4]. Danh gia han ché
két qua thyc nghiém trén mo hinh robot: do han ché vé vat
liéu va kha ning co khi chinh x4c, nén phan chan dé va cac
tay may cua Detla robot 3-DOF chua du cung viing, dan dén
bi rung lic trong qua trinh hoat dong, lam cho ket qua diéu
khién quy dao dau cudi chua dugc nhu mong mudn, mac du
cac tin hiéu diéu khién va dap tng goc van dap tng duoc tidu
chuan ky thuat. Thoi gian t6i, viéc cai tién khung co khi cho
khéi luvgng tong thé cia Delta robot 3-DOF nhe hon, c6 khéng
gian lam viéc 16n hon va nhém s& trién khai &p dung bo diéu
khién giam sat str dung mang no-ron ma hdi quy két hop voi
PID va bd nhan dang mang no-ron mé hdi quy (RFNNC-PID-
RFNNI) ng dung diéu khién bAm quy dao Delta robot 3-DOF
trén hé thuc nghiém.
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Abstract

This paper presents a new effective iterative learning control method for repetitive motion-tracking control problems of robotic manipula-
tors. The controller is comprised of two control loops. In the inner loop, a simple proportional-derivative signal is adopted to stabilize the
closed-loop system that facilitates design of the outer loop. Tracking control mission is mainly achieved by a novel iterative control signal
designed in the outer loop. The effectiveness of the proposed control method is resulted in from a new iterative design where the iterative
signal is flexibly structured from both the current and previous information on the iterative axis. To this end, a neural network is developed
to estimate the iterative disturbances using information synthesized from the past and present iterations. A proper inherent function is then
employed to connect the iterative-based and time-based control signals. Stability of the overall system is analyzed using absolution regres-
sion series criteria. The effectiveness and feasibility of the proposed controller are intensively discussed based on the comparative simula-
tion results and real-time experiments obtained from a 6 degree-of-freedom robot.
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Tom tat
Symbols

Bai bao nay trinh bay mot phuwong phéap didu khién hoc lap mai dé
Symbols Units Description giai qtﬂyét cac vén dé C.Ii‘éu khjén bim dubi tuén.hoén cho céc tay
A . . may cong nghi¢p. By dieu khién nay bao gom hai vong dieu khién.
CgH Function of variable - O vong diéu khién bén trong, mét tin hiéu didu khién vi-phan-ti-l¢
q rad Vector of joint position don gian dugc sir dung dé ?)n dinh he théng‘vc‘)ng kin, tao diéu kién
M & kg Inertia- tri thuan loi chq viéc }hiét ke péc tin hiéu diéu khién ¢ vong ngoa‘;i.
il nertia-mass matrix Nhiém vu diéu khién cha yéu duoc thuc thi nho mot tin hieu diéu
CLq,qu N.m Coriolis/Centripetal effect khién hoc lap moi dugc thiét ké ¢ vong ngoai. Tinh hiéu qua cua
in robotic models phuong phép dieu khién nay den ter mot quan diém méi ve phuong
N.m Gravitational torque in phap xay dung cau tric b dieu khien Idp, & d6 tin hiéu dicu khién
quJ robotic models trén truc lap dugc tong hgp mot géch linh hoat tir thong tin hién tai
. - - - va thong tin qua khtr cia hé thong. Cu thé, mot mang than kinh
fLQJ N.m Frictional torque in robot- nhén tao c6 cAu trdc pht hop dugc phat trién dé wéc lwong céc
ic models . . nhiu dong trén truc lap dwa vao cac thong tin tbng hop vira phan
14 N.m External disturbances in tich. Mot ham ké thira mém duoc sir dung dé két néi tin higu diéu
robotic models khién trén truc lap va truc thoi gian. Tinh 6n dinh caa qué trinh hoc
T N.m Joint torque or control va ca hé théng vong kin duoc dam bao bang tidu chuin hdi quy ndi

signal in robotic models

Abbreviations

tiép. Tinh hiéu qua va tinh kha thi cua b diéu khién dé xuét dugc
thao luan can than dya trén cac két qua md phong va thuc nghiém
c6 tinh so sanh tir mét md hinh tay may cong nghiép 6 bac tu do.

1. Introduction

DOF Degree of Freedom

PID Proportional Integral Derivative

ILC Iterative Learning Control Nowadays, humans are passing through the fourth Industrial

TNN Time-based Neural Network Revolution, in which robots play a key role both in industrial

TNNIC Time-based Neural Network Iterative manufacturing and day-life activities. Proportional-Integral-
Control Derivative (PID) controllers have been favorited in most

industrial robots owing to their simplicity in implementation
and acceptable control performances [1], [2]. High-accuracy
controllers with great adaptation ability are required for
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modern robotic systems [3], [4]. However, unknown dynam-
ical behaviors and complicated working environments are
main obstacles on approaching excellent control outcomes
[5]-[8]. To cope with unexpected effects of systematic dy-
namical models, many model-based controllers have been
studied based on typical physical analyses such as
force/torque-based or energy-based methods, or decomposi-
tion principles [9], [10]. In reality, applicability of such ap-
proaches would be limited with general robots and be more
difficult for higher degree-of-freedom robots. Owing to uni-
versal approximation properties, neural-network-based con-
trol approaches have been recently increasingly employed in
robotic systems [11]-[13]. Direct and indirect learning
methods are the leading solutions for building neural net-
works [7], [14]. The system dynamics could be estimated by
neural-networks and their results could be then adopted to
eliminate unknown effects in control processes. This kind of
the design has been successfully utilized by the many types
of the networks such as Radial-basis function (RBF) net-
works [11], [15], [16] or Fuzzy-hybrid networks [17], [18].
Excellent control performances have been exhibited by such
the intelligent controllers. For repetitive control missions
that commonly occurs in industrial activities, the neural-
network-based control approaches need to be modified for
outstanding control outcomes.

Iterative learning control (ILC) technique is a famous con-
trol framework for systems with repetitive tasks. Its key idea
is to iteratively compute a control input based on errors from
previous trails so that the performance of the system can be
optimized. Previous work [19], [20] shows that with simple
designs, the ILC methods could provide superior perfor-
mances by effectively tackling repetitive disturbances such
as gravity and model uncertainties. In fact, the disturbances
and nonlinear uncertainties are rarely repetitive terms. In
most robotic systems, both iteration-varying and iteration-
invariant disturbances exist on the iterative direction. Itera-
tion-varying disturbances can be divided into two types:
Type | — state independent disturbances, for example exter-
nal disturbances, and Type Il - internal state-dependent dis-
turbances, for example friction forces. To extensively tackle
Type-I iterative disturbances, many advanced ILC approach-
es have been studied. ILC methods with robust learning fil-
ters, such as frequency or time-frequency filters, were used
to isolate iteration-varying disturbances from out of the itera-
tive loop. Indeed, in [21], low-pass filters were employed to
separate model uncertainties at high frequencies, or in [22], a
notch Q filter and a disturbance observer were injected to the
ILC to handle external vibration disturbances concentrated at
certain frequencies. In [23], a time-frequency numerical Q
filter was proposed based on robust principal component
analysis (RPCA) to eliminate the non-repetitive disturb-
ances. In [24], another robust Q-filter-based ILC method was
studied incorporated with a tuned feedback control signal to
deal with both repetitive and non-repetitive perturbances. As
comparing to Type-I ones, Type-Il disturbances always var-
ies on the iterative axis due to the dependence on system
states. To treat the non-repetitive disturbances, a former
adaptive ILC (AILC) method was proposed by Kuc and Lee
[25] based on Lyapunov theories. The key idea of AILC for
robotic systems, as discussed in [26], [27], is to adopt an
adaptive signal which iteratively recognizes and compen-

sates for unknown disturbances and uncertainties in the sys-
tem dynamics. Generally, the algorithm requires an assump-
tion that parameters of the robotic model are constants with-
in one iteration [28], [29]. Recently, the ILC scheme was
also integrated into a time-based adaptive control signal to
yield promising control outcomes [30]. From the above
analyses, since the iterative disturbances are state-, time- and
iterative-dependent factors, using iterative control signals
that are completely constructed from previous iteration in-
formation is difficult to yield outstanding control perfor-
mances.

To fill in this gap with a simple-yet-universal control
method, in this paper, we propose a PD neural-network-
based iterative learning controller for position-tracking con-
trol of robotic manipulators. The control scheme has two
loops: time-based loop and iterative-based loop. On the time
direction, a PD control signal is used to bring the system
states to the desired state as closely as possible. The control
performance is then significantly improved along the itera-
tive axis. Contributions of the paper are listed as follows:

1) A neural network with a nonlinear learning procedure is
built up on the iterative axis to effectively tackle both the
time- and iterative-based disturbances.

2) A new iterative control law is designed based on a flexi-
ble inherent function and the neural network designed to
realize the control mission.

3) Stability of the closed-loop system is rigorously proven
by regression series criteria.

4) Effectiveness and feasibility of the proposed ILC control-
ler are carefully verified by intensive simulation and real-
time experiments on a 6DOF robot model.

The remaining of the paper is structured as follows. Dynam-

ics of general robotic manipulators are briefly reviewed, and

control objectives are then stated in Section 2. Design of the
proposed controller including a proportional-derivative con-
trol term, adaptive iterative learning control signal and sta-
bility analyses of the overall system are clearly presented in

Section 3. Effectiveness and feasibility of the proposed con-

trol system are discussed in Section 1V. Conclusions are fi-

nally drawn in the last section.

2. System Modeling and Problem Statements

Motion equations of a serial n-DOF robot is generally
formulated using the following dynamics [6], [10], [31]:

Mlali=-Cla.a]a-gla|+fla]+ts+7 (1)
where q,d,T e R" denote the joint position, angular veloci-

ties, and the control torques, respectively, Me®™ is the in-
ertia-mass  matrix, Cd,0,ft;e®R" denote the Corio-

lis/Centripetal effect, the gravitational torque, frictional
torque, and external disturbances, respectively.

Assumption 1. The unknown disturbance (¢,) is bounded

(8], [11], [30].
Remark 1: We assume that the system states (q,¢) are meas-

urable. We define a tracking control error synthesized from a
desired profile (q,) that is assumed to be a known, bounded

and twice continuously differentiable signal, and the system
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output (q) . The main objective here is to develop a model-

free intelligent ILC for high control accuracy of the robotic
system (1). Unknown internal dynamics and complicated
external disturbances from various working conditions are
major barriers challenging the expected control performance.
However, one important advantage of the control system is
that it can run in many iterations. Other required features of
the ongoing controller are model-free, adaptive and robust.

3. Flexible Neural Iterative Learning Control-
ler

This section presents a detailed procedure of designing the
proposed controller which consists of a simple PD-type con-
trol signal and an advanced iterative learning control term.
Proper theoretical proofs are associated to the respective
sections to explain effectiveness of the developed features.
The main control objective is defined as the following error
e=q-dq 2
To complete the tracking control mission, the final control
signal is simply designed as follows:

T="1T; +7Tj (3)
where 7, andz; are time-based and iterative-base control
terms.

3.1. Time-based PD Control signal

For high-precision control of the manipulators, one could
use various types of the linear or nonlinear control methods
[1], [32], [33]. Purpose of the time-domain control signal z,
is however to stabilize the closed-loop system and bring the
system output to the desired profile as closely as possible. In
this approach, we only structure the control signal by a sim-
plest control form with the following PD design:

T = Kpe—-Kpe 4
where K, and K, are diagonal positive-definite gain
matrices.

By using the time-based PD control law (6), the closed-loop
system is bounded stable with any positive control gains Kpt
and Kp.. However, the control accuracy needs to be further
investigated. Here, we define the following indirect control
objective [11], [34]:

e=¢+K;e (5)
where K, =KK,, is the positive control gain matrix. In
previous work, the new control objective is normally called
as sliding-mode manifold [15], [44], [45].

The dynamics (1) could be re-expressed in terms of the new
composited variable (17) in a scope of iterative axis:

M;¢ =-Cig; +T—d; (6)

where d; is the lumped disturbance of the system in the iter-

ation i, that includes the model deviation and external dis-
turbance:

d; =M; (6g —Ki&)+C; (4q —Kie))+0i ~fi 14 (7)
Note that under the virtue of the control rule (4)-(5), such the
disturbance d; is bounded. The steady-state control error of
the system will approach to the following range [25][30]:

€5 :t"_)rg(KE’% (di T )) €)

Remark 2: The control error could be reduced by selecting
large control gains Kp: and Kpi. However, to achieve excel-
lent control performance, the nonlinear uncertainties and
disturbances in the system dynamics must be compensated.
To this end, possible directions are adoption of robust adap-
tive nonlinear controllers [8], [36] or high-gain observers
[14], [37]. In fact, the dynamical behaviors of the system
would be stored in the previous iteration data. Properly ex-
ploiting such the data could lead to interesting control out-
comes.

3.2. Neural Iterative-based Control Signal

By utilizing from the advantages of the iterative control
technique and repetitive control behaviors, in this subsec-
tion, an advanced iterative-based control signal is designed
to provide good tracking control error of the closed-loop
system.

Inspired but different from previous work [32], [48], [49],
the iterative control law is selected as
T =Bt +§ 9)
where B; =diag|b; | is a diagonal matrix of inheritance
function and §&; is the excitation function.

Also from the work, the iterative disturbance 0; was as-

sumed to be no change on the iterative direction, and such
the excitation function was simply selected as

S =& (10)
As carefully observing in the form of (7), the assumption on
invariant properties of the disturbance di is weak. With such
the design, the iterative control signal has tended to com-
pletely believe the past results. Much research in human so-
ciety show that this action is not an appropriate choice [38],
[39]. Hence, in this paper, another point of view in this de-
sign is required to deal with the aforeanalyzed problem. The

constraint (8) implies that once the iterative control signal T;

approaches to the disturbance d,, the control error would
converge to zero or as small as possible. It is worth defining
a new error:

Gi =T —d (11)
By noting the general control rule (9), variation of the new
error on the iteration axis is

Gi =Bigi 1 +& — 01 (12)
where @;;_; is called as the iterative disturbance:
91 =d; ~Bidi4 (13)

The new disturbance ¢;;_; depends both on the current and
past states on both time and iterative axes. It can be seen that
once €; approaches to €;_;, the disturbance d; will approach

to di.;. Based on this observation, the inheritance function

could be selected as
B et.n = tanh(o-l,kt)(l_tanh(o-z,kgiz,k)) (14)

where oy and o, , are positive constants.
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To design the excitation function, we start with approximat-
ing the new disturbance @;;_; using universal approximation

properties of neural networks [4], [40], as follows:

T . . .
Drictkktn = Wikhi [ 96,0 1,6i4.99,8d |[+@ig  (15)
where W; is the optimal weight matrix, I; is a regression

vector, and @ is the approximation error. Here the regres-

sion vector I is structured by 1-norm elements or

0<¥ jjjz1.m <1, in which m is the length of the vector.

Role of the excitation function &; is to eliminate the new
disturbance @;;_;, it is hence designed as

AT . . .
Sikk=r.n = Wikhi l_qiiqi’Qi—l!qi—llqd g J
where W; , is estimate of the W; .

By substituting the selection (16) to the variation (12), we
have

_ -
Gikk=t.n =BiGiak Wil —@j
where W; =W; , —W; is estimation error.

It can be observed that the iterative control performance
completely depends on the learning of the excitation func-
tion. Hence, we select the following learning law:

ri tanh| &, |
(18)
where 0< ‘7i,w,k‘ <10< f3y are constants, and I is the rela-

(16)

(17)

Wi k1.0 = (' ~7iwydiag| J)Wi—l,k - Bix

tive identity matrix.

Effectiveness of the flexible iterative control mechanism is
investigated from the following statement.

Theorem 1: For any bounded iterative disturbance that is
expressed in a linear combination as presented in (15), if
employing the iterative control signal (9), (14) and the non-
linear learning rule (18), the following properties hold:

1) The estimation error W; . will be stabilized inside an ar-
bitrary small vicinity around zero.
2) The iterative control signal t; is bounded.

Proof:
From the learning law (18), variation of the estimation error
on the iterative direction is

Wi kik=L.n :(| _7/i,w,kdiag[ri])wi—1,k —Wik
I’i tanhté‘i’kJ (19)
1+r'r

By applying triangle inequality to (19), we get the following
regression constraint:

+(| ~ 7 wxdiag[r; ])Wi—l,k —Bix

"Wi,k\k:l..n " < }“(I—yi‘kadiag[ri]) ||Wi—1,k "

* (1+ I(I—yivkadiag[ri]) )"V_Vi,k ” HhK S-S /I(I—n.w,kdiag[r.]) |W0,k "
1- Zi—l
(173 w kdiag[]) = _
’ - Z('—}’i‘w‘kdiag[ri]) ((1+ i(liyi’W'kdiag[ri ]) )"Wi’k " ! ﬁi’k )

(20)

where Z_TI_yivkadiag[ri]):maXLeigLI—;/iykadiag[ri]JJ is the

maximum eigen value of the matrix (I-7; ,diag[r;]), and

Wiy = maxUWi,kH is the upper bound of the weight vector
Wi) -

For deactivation cases where the regression-vector elements
are equal zero or (ri,j|j=1...m =0), according to (18), the esti-

mation weight vector (W; ) is boundedly preserved through

iterative to iterative.
For activation cases where the regression-vector elements

have the values of (0<F, jjj.1m <1), the regression ratio is

inside the unit circle or O</T(| ) <1. Furthermore,

~7iwkdiag[r
the ideal weight vector (W; ) is bounded. If the initial value
(Wq ) is boundedly selected, from (20), the estimation error
vector (W; ) is bounded. The first statement of Theorem 1

is thus proven. 0
By noting (16) and (18), the variation (9) could be rewritten
as

A

T .
Tikket.n = BiTistkkern Th (' _7i,w,kd|ag[ri ])Wi—l,k
i tanh| &, |
1+r'r

Taking absolute values at both sides of (21) in the regression
manner results in the following inequality:

|Ti,k|k:1..n| <b |Ti—l,k|k:1..n|

(21)

ik

+ A1) [Wioa IR+ < <8 [roggennl (22)

i
e (174 w kdliagr])
1- ’I(I—yi,w,kdiag[n])

By

1-o'
l-«a

"T"i—l,k”"ri | +

where b = maXLb,'Hk:l_nJ is the maximum value of the in-
heritance function (), W;_y, = max U\ivi_l]ku is the upper

bound of the estimation weight vector (W;y) , 7oyk1.n is
the initial iterative control torque, and « is a constant that is

defined as:
LJ < 1

23
1+r'r, (3)

OSa:max{

By using the result of the first statement in which the upper
bound V”Vi_,k is bounded. From (14), the inheritance gain

(b) is inside the unit circle or (0<b <1). From (22), the
iterative control torque 7; 1. is thus bounded under the
constraint (23). 0

Remark 3: With properly selecting the regression vector I,
the approximation error @; could be minimized. As a se-

quence, according to the dynamics (17), the iterative control
error (11) would be minimized as well thanks to the results
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of Theorem 1. Note that the approximation effect of the neu-
ral-network model (15) comes from the structure of the re-

gression vector [ [4], [40]. It is recommended that the vec-
tor I Lqi,qi,qi_l,qi_l,qd,qd J is designed to normally reflect

information of the inputs (0;,G;,0;_1,8;1,0q,8y) over their
workspaces. In the proposed control algorithm, the regres-
sion vector I; has to belong to the 1-norm class. It could be

encoded by radial-basis functions, or logsig function, or
tansig functions, etc.

Remark 4: In fact, to obtain excellent control error (5), one
could employ neural networks to learn the disturbance (7)
using current states of the system (1). As presented in (15),
the regression vector of the iterative-based neural network
contains more state than that of the time-based networks.
Hence, by using the iterative control technique, one could
utilize the control experiences in the past to result in higher
control performances. Indeed, the control accuracy is im-
proved along the variation (9) once the network well esti-
mates the iterative behaviors.

Remark 5: The proposed control idea is graphically summa-
rized in Fig. 1. The algorithm can be implemented by the
following procedure. In the first step, the iterative-based
control signal is turned off, and the time-based control signal
is employed to stabilize the main control objective (2) with
proper control gains (K,,K,,). In the second step, the iter-

ative control signal (9) is activated, but the inheritance func-
tion (b;) is set to be zero. The regression vector
i 6, Gi 0y, Gig,0g.Gg | is next designed based on the
workspace of its inputs, which have been observed from the
previous step. The neural weight vector (W;, ) is then up-

dated by the learning rule (18) with proper learning gains
0 <|7i,w,k| <1,0< B k. In the third step, the inheritance func-

tion (b;) is turned on with appropriate positive constants

o1 and o, using the constraint (14). One could be back to

Step 1 or Step 2 for fine tuning the gains in several times
until the expected control performance is resulted in.

Iterative Axis
- — it

(qu*q(/) | » <
g " ® 1
- (B) g
9 > >
§ S
5 >
£ (2) i (1)) (9,.49,)

ime-base Robotic Manipulator
+ 7 » o+ - R
Control Signal (4) (1)
% (e) (t,) (1) -
(9.9)

Figure 1: Block diagram of the proposed controller.

Figure 2: Configuration of the simulation robot.

4. Validation Results

The control performance of the proposed controller
(PDINN) was carefully verified both in simulation and real-
time experiments. To clearly evaluate the advantages of the
proposed ILC method, a conventional proportional-
derivative (PD) controller [1], time-based neural-network
(TNN) controller [42], and conventional adaptive iterative
learning controller (TNNIC) [30] were implemented to con-
trol the same system under same working conditions.

4.1. Simulation Results

The controllers were first tested on a 6-Degree-of-freedom
(6DOF) robot, as sketched in Fig. 2. Its dynamics could be
referred from previous work [10], [42]. Parameters of the
robotic model were selected as:

I, =0.2(m);1l, = 0.3(m);1; = 0.2(m);

my, = 2.2(kg);m, = 2.4(kg); m = 2.05(kg);

m, = 0.32(kg); m; = 0.19(kg); mg = 0.18(kg);

In the simulation tests, the learning and control gains of
the proposed controller were chosen as follows:

Kpi =15014; K, =10lg;
61 = 316;62 = 0004816
Viwkk=1.6 = 0.1B, =12I,.

Hidden layers of the neural network had 1944 neurons that
were encoded using logsig functions. The initial joint posi-
tions were set to be zero. The desired profiles of the robot
joints were chosen with various types of the sinusoidal and
smooth-multistep signals, as follows:

. . 2 2+e720t+40 .
Oyg =Sin(0.47t); 0,4 = 14e L0t - 14 @ 20t+40 '
Osq =1.2sin(7t); 0,y =1.1sin(1.57t)
1 1 . . )
Oed = 1+ 1+ 30t-450 1Geq =1.2sin(271);.

In the first simulation, external disturbances that affect to
the joint motions were also added to the system, as depicted
in Fig. 3. These disturbances were no change on the iteration
axis. Simulation results of the four controllers applied to the
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robot model in 10 iterations are shown in Figs. 4 — 6.

= —dj—dy—d3

Disturbances 4,5,6 (Nm)

Disturbances 1,2,3 (Nm)
R s
—_——
—]
—]

Time (s) Time (s)

Figure 3: External disturbances affecting to the robot joints in the first
simulation.
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Figure 4: Comparative control errors of the controllers on the time axis and
the iteration axis in the first simulation.
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Figure 5: Control errors of the proposed controller on the time axis and the
iteration axis in the first simulation.
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Figure 6: Average absolute control errors of the proposed controller on the
iteration axis in the first simulation.

To make the report concise, only simulation results of
joints 1 and 2 of the robot are presented in Fig. 4. As seen in
this figure, even though working with the complicated robot,
the PD controllers with well-tuned gains still obtained good
control accuracies: 0.0028 (rad) and 0.011 (rad) respectively
for joint 1 and 2 under harsh perturbances. The control per-
formances could be improved by using learning properties of
neural networks to approximate the nonlinear uncertainties
and disturbances in the system dynamics on the time axis.
Indeed, also as observed in Fig. 4, the neural controller al-
ways provided better control outcomes than the simple linear
one. Control errors of the time-based neural network (TNN)
controller were reduced to be: 0.0006 (rad) and 0.004 (rad)
for the first and second joints, respectively. However, if the
system worked in a repetitive manner, iterative-based control
techniques could be applied and exhibited higher control
performances. Figure 4 shows that a combination of time-
based neural-network control signal and a conventional itera-
tive learning control term could suppress the disturbance
more effectively and delivered promising control results:
after 10 iterations, the control errors at the first and second
joints were 0.00015 (rad) and 0.0006 (rad), respectively.
However, high vibration phenomena could be observed from
the conventional ILC data on the iterative axis. As an inno-
vative step, in this paper, a new neural iterative control
viewpoint is studied as clearly presented in Section 3. Its
control effect is demonstrated by the control results shown in
Figs. 4, 5, and 6. In the first iteration, as depicted in Fig. 4,
since the proposed control signal was just generated by a
poor PD control framework and the ILC was not applied any
more, its performances looked even worse than those of the
well-tuned PD one. In the second iteration, at which the new
ILC theory had been gone into operation, the control errors
seemed to be enhanced in all the joints, but not better than
those of other controllers, especially in joint 1 that was in-
fluenced by the severe external disturbances. However, a
positive point could be observed here that is the system
could be learnable. Interestingly, after 10 iterations, the pro-
posed ILC approach could result in the best control perfor-
mances under various working conditions: 0.000012 (rad)
and 0.000054 (rad) for the first and second joints, respective-
ly. The learning process of the new ILC technique is more
clearly reflexed by the control errors summarized in Figs. 5
and 6. The data once again confirm that the proposed ILC
scheme works well in various conditions even though it
could start from a weak level.
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Figure 7: Variations of the frictional coefficient at joint 1 and the amplitude
of external disturbances at joint 3 in the second simulation.
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Figure 8: Comparative control errors of the iterative controllers on the time
axis and the iteration axis in the second simulation.

0.008 - 0.04 -

o
Q
=3
[

0.03

\ —- Joint4
—-- Joint5
e Joint 6

=== Joint 1
Y —--=Joint2
0.004 4%, Joint 3

0.014=

0.0024 3.
. *\
0.000 ] Ntenzis
T

€123, aver (rad)
€456, aver (rad)

000

Iteration Iteration

Figure 9: Average absolute control errors of the proposed controller on the
iteration axis in the second simulation.

In the second simulation, to bring the developed algo-
rithm close to practice, the controllers were challenged with
non-repetitive external disturbance and internal parameter
variations. The frictional coefficient at joint 1 and the ampli-
tude of the external disturbance at joint 3 were set to be
changed following the iterative schedules as presented in
Fig. 7. In this test, only the iterative controllers (TNNIC and
PDINN) were applied to control the system, and their work-
ing performances achieved are shown in Figs. 8 and 9. Fig-
ure 8 presents the control errors of the controllers at joints 1
and 3 of the robot. In the new testing conditions, that the
disturbances changed in larger ranges obviously leads to
degradation of the iterative control performances: for exam-
ple, the steady-state control errors of the TNNIC controller
at joints 1 and 3 increased to be 0.00035 and 0.00077, re-

spectively. However, thanks to the strong support of the new
iterative control theory proposed, as discussed in Remark 3
as well as mathematical viewpoints in (14), (15), (17), (18)
and Theorem 1, the designed controllers worked in a robust
manner to result in good control outcomes: the new control
accuracies at joints 1 and 3 were 0.000032 and 0.000045,
respectively. As seen in Fig. 9, it can further confirm that the
iterative controllers dealt with well both the repetitive and
non-repetitive disturbances.

4.2. Experimental Results

Real-time experiments were conducted to investigate
feasibility of the proposed controller. A 6DOF robot was
designed and fabricated for the verification. The robot proto-
type is shown in Fig. 10. Industrial motors were used to
drive the robot joints, and encoders with resolution of
5760ppr were adopted to measure the joint positions. A
compact RIO 9024 controller connecting with digital (NI
9401) and analog (NI 9263) modules was employed as a data
acquisition (DAQ) system. The algorithms were implement-
ed in the Labview environment to control the second joint of
the robot.

Figure 10: The experimental 6DOF robot.

The desired trajectory was chosen to be
—20t+40
Opg =1.4 Zlot—2+ezm 2 | - The real-time control
1+e” 1+e™

results achieved are presented in Figs. 11 —13.

In the real-time experiments, as seen in Fig. 11, the time-
based controllers (PD and TNN) still maintained their ro-
bustness with good control errors: 0.038 (rad) for the PD one
and 0.014 (rad) for the TNN one. The data in Fig. 11 present
the learning effectiveness of conventional ILC method: the
control accuracy after 10 iterations had been increased to
0.005 (rad). Even though governed by a strong time-based
neural network control signal, the real-time experimental
results however reveal that the nonlinearities, uncertainties
and disturbances were not completely terminated using the
conventional ILC one. We believe that such the problems
could be efficiently tackled by the proposed ILC technology
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owing to the proper neural-network-based design (12), (14),
(16), and (18). As demonstrated in detail in Fig. 11 or in the
summarization mode in Fig. 12, the developed ILC perfor-
mance had been gradually improved from iteration to itera-
tion: after 10 iterations, the steady-state control error reached
to a good value of 0.0018 (rad). Average absolute values of
the control errors for iterations obtained by the conventional
and proposed ILC controller in the experiments are further
compared in Fig. 13. The proposed controller has shown
outperformance as comparing to the previous one. The con-
vergence of the proposed ILC method is clearly confirmed
via the detailed and statical data.

18t Iteration

e (rad)
o
8

-~ PID----- TNN
e TNNIC—— PDINN (Proposed)

3 4

2" Iteration

7th iteration
4

10th lteration

e (rad)

~d

Figure 11: Comparative control errors of the controllers on time axis and
iteration axis in the real-time experiments.

0.10
0.05
0.00
-0.05
-0.10

e (rad)

2nd-- - - 4th—--= 7th —10th |

N

3

Figure 12: Control errors of the proposed controller on time axis and itera-
tion axis in the real-time experiments.
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Figure 13: Average absolute control errors of the proposed controller on
iteration axis in the real-time experiments.

5. Conclusion

A new adaptive iterative learning controller has been devel-
oped for motion control problems of robotic manipulators
using neural networks. The system is first stabilized by an
ordinary PD control signal on the time axis. The control per-
formance is next effectively enhanced by using a novel ILC
signal generated from a new adaptation design. The learning
information are collected from both previous and present
iterations and are then processed by a nonlinear neural net-
work in a reliable manner. Stability, effectiveness, and feasi-
bility of the overall system are rigorously proven by theoret-
ical analyses under regression series criteria and comparative
validation results on a 6DOF robot model.
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Abstract

Currently, the penetration rate of renewable energy sources (RESs) into the grid is increasing, especially solar and wind energy sources.
This brings many benefits but also challenges since these sources inherently have unstable output power because they depend on practical
factors. Microgrid (MG) with energy storage systems (ESSs) is a solution to utilize these RESs effectively. However, ESSs like battery
storage system has high cost, making application deployment difficult. Therefore, the application vehicle-to-grid (V2G) technology with
appropriate control methods to MG will bring more efficiency and potential when electric vehicles (EVs) develop in the future. This article
will study and evaluate the effectiveness of using V2G in combination with the droop control method to support islanded MG when en-
countering power imbalance using Matlab/Simulink. The results show a positive influence of V2G on the stability and operation efficiency

of the MG.
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Abbreviations

DG Diesel Generator

ESS Energy Storage System

EV Electric Vehicle

HESS Hybrid Energy Storage System
MG Microgrid

PV Photovoltaic

RES  Renewable Energy System

SC Supercapacitor

SOC  State of charge
WE Wind Energy
V2G  Vehicle to Gird
Tém tit

Hién nay, ti 1¢ xdm nhap cac nguén nang lugng tai tao vao ludi dién
ngdy cang 16n, dic biét 1a ning lwong mit troi va gi6. Didu nay
mang lai nhiéu loi ich nhung cling khong kém thach thirc khi ma
cac nguon nay von ¢6 cong sudt dau ra khong én dinh vi phu thude
vao yéu t6 thuc té. Microgrid (MG) 12 mét giai phap dé tan dung
hiéu qua ngudn ning lwong nay. Tuy nhién, MG véi céc hé théng
Iuu trit ¢6 gia thanh cao, khién viéc trién khai img dung con kho
khan. Do vay, viéc img dung cong nghé xe dién nbi ludi (V2G) véi
phuong phép diéu khlen phu hop vao MG giup mang lai tinh hi¢u
qué va tan dung su tiém nang cia xe dién dé phat trién trong tuong
lai. Bai bao s& nghlen ctru va danh gia sy hiéu qua cua viée su dung
V2G két hop v6i phuong phap didu khlen d6 doc dé hd trg MG doc
1ap khi c6 su mét cin bang céng suét bing Mathlab/Simulink. Céc
Kkét qua cho thay duoc su anh hudng tich cuc cia V2G dbi véi su
én dinh va hiéu qua van hanh cia MG.

1. Introduction

Conventional power plants inherently use fossil fuels and
emit large emissions into the environment. This leaves po-
tential challenges in the future when fossil fuel resources are
limited and emissions also contribute to global warming. On
the other hand, renewable energy (RE) generation systems
are considered clean and cheaper compared to traditional
synchronous machine-based power generations so they are
increasingly recommended. Among RE generation systems,
solar and wind systems are the most promising due to their
lower generation cost and their capability of maximum pow-
er point tracking over a wide range of wind and sunlight
variations [1]. However, the output power from these
sources is stochastic due to the dependence on nature of
wind and sunlight. RE power plants do not contribute to the
system inertia, because they are connected to the network by
power electronics, and they are electrically isolated from the
network [2]. Thus, the high level of penetration of RESs into
the grid can cause stability and reliability issues such as low
inertia, fault ride-thourgh issues, and low power quality.
Among the problems, the reduction of system inertia is the
most detrimental to the electrical system. Since the frequen-
cy control is directly affected when the system inertia is low.
Microgrid with ESSs is a solution to mitigate the negative
effects of the high penetration of RESs.

Currently, there are types of energy storage including com-
pressed air energy storage (CAES), flywheel energy storage
(FES), pumped - hydro energy storage (PHES), battery ener-
gy storage (BES), fuel cell energy storage (FC), supercon-
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ducting magnetic energy storage (SMES), supercapacitor
energy storage (SCES), etc. However, different storage tech-
nologies will have their own advantages and disadvantages
[3]. The solution is to use a hybrid energy storage system
(HESS) to combine the feature of different technologies to
achieve the desired performance.

Based on available technologies, control methods as well as
cost optimization, HESS using batteries and supercapacitors
(SC) are most widely used. Batteries with high energy densi-
ty are used to compensate for the low average power. How-
ever, its lifetime will be reduced if there are frequent transi-
ent power fluctuations. SC is used to meet this problem in
HESS [4]. This combination can effectively deal with vari-
ous power fluctuations and puts less stress on the battery
system [5].

But with a battery system, the initial investment is quite ex-
pensive, especially for large power applications. In fact,
electric vehicles are on the rise, if taking advantage of the
ESSs in electric vehicles, they will contribute to reducing the
cost of the system. According to [6], EV uses electric motor
and battery energy for propulsion, which has higher efficien-
cy and lower operating cost compared to the conventional
internal combustion engine vehicle. According to a study,
most non-commercial light-duty vehicles, including EVs, are
utilized for only about 5% of the time for the prime purpose
of transportation [7]. This makes the vehicles potentially
available for 95% of the time to be connected to the grid for
ancillary services to the power grid. At this time, the concept
of vehicle to the grid was born. V2G uses EVSs as an energy
storage source for the grid, this increases the total power
generation as well as improves the stability, reliability, and
efficiency of the grid [7]-[9]. In addition, V2G also provides
ancillary services to the grid such as regulation services
(voltage and frequency), spinning reserve load-leveling,
peak power, renewable energy storage and backup [10], [11].
In return, EV owners can enjoy appealing revenues for their
participation in the V2G services [10]. However, EVs can
not access to the grid freely and unmanageably because it
will cause negative impacts to the grid [8]. Therefore, it is
necessary to investigate the V2G technology to coordinate
the charging/discharging behaviours between vehicles and
grid so that it will not affect the power grid operation [8].
The article proposes a HESS using V2G and SC in combina-
tion with droop control and diesel generator (DG) to im-
prove stability and operation efficiency of MG in the pres-
ence of photovoltaic (PV) system and wind energy (WE)

system.
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Fig. 1: Combination of storage technologies.

2. Microgrid

Microgrid is a small-scale power grid consisting of distribut-
ed generators combined with ESS that provide electricity to
loads (industry, household, lighting, ...). In addition, this
system also integrates components of the main grid to be
able to operate in grid-connected mode [12], [13]. MG can
operate in two modes: grid-connected and islanded.
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Fig. 2: General Scheme of a Microgrid.

2.1. Dynamic model of Micogrid

According to [14], a dynamic model of MG is given:

APegss(8) Inertia and

self-regulation

APgiesei(s) + 1 Afys ()

2Hs+ D

load

—_——— e

Fig. 3: Dynamic model of Microgrid.

where: APgss, APw, APdgiesel, APpv, APjoad, are the output var-
iation power of the ESS, WE, diesel generator, PV source
and load variation respectively. Afug is the system frequency
deviation, H is the equivalent inertia constant of the system
and Dioag is the damping constant.

Based on the dynamic model of MG shown in Fig. 3, we can
analyze the influence of RESs and ESSs on the change of
frequency in the Microgrid.

2.2. Droop control method

To be able to distribute the power accurately and instantane-
ously among the ESSs and DG in the primary control level
to respond to fluctuations for stabilizing frequency, the
droop control method as shown in Fig. 4 is used [14].

A
f(Hz)

Diesel generator
Energy storage system

2Pess_max

Fig. 4: P-f droop characteristics.
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The system only engages in frequency control when the in-
stantaneous frequency fi deviates from the rated value f. The
DG droop equation (1) is given according to [15], where
Sdiesel IS the droop value.

IPyey = ———(fi- f) )

diesel

The operation of the storage system is divided into two
modes: discharging or charging when the frequency offset (f;
—f) is negative or positive, respectively [16]. The variation in
the active power of the ESSs are obviously within the range
between the maximum charging and discharging capacity of
the storage devices. The reference value of storage capacity
Pessis given as:

Pess () =-Kgss (.- 1) (2
where K is the coefficient expressing the stored energy of
the storage system, expressed by:

1 2-PESS_max
SESS f
where Sgss is the droop factor, Pess max iS the maximum
power that can be charged or discharged of the storage sys-
tem.

®)

KESS =

3. Energy storage system

ESS is a solution to support the grid with high penetration of
RESs. One of the typical storage systems is a hybrid storage
system between a supercapacitor and a battery. HESS takes
advantage of the supercapacitor's fast response and the bat-
tery's long-term power response, thus improving the effi-
ciency of storage devices.

3.1. Hybrid energy storage system

HESS using supercapacitors and electrochemical batteries
are among the popular applications for MG systems. SC
have a higher capacitance than ordinary capacitors (about 20
times). SC responds faster than battery when sudden power
change occurs in very short time, it is used to quickly com-
pensate for sudden power change. Batteries with higher en-
ergy density are used for long-term energy storage due to
slower response. However, this solution involves high in-
vestment costs, so the storage capacity must be calculated
appropriately. According to [17] for Lithium-lon batteries,
the cost is 700 — 1000 Euro/kWh, the lifecycle is 3000 cycles
at 80% deep discharge, which leads to the use of batteries to
improve the penetration rate of RES into grid is a challenge.
The use of HESS also increases battery life, reduces storage
system costs, response times, and increases the reliability of
the microgrid [3].

When the MG is in grid-connected mode, HESS will contrib-
ute to smoothing output power to help minimize fluctuations
of RESs, preventing them from being transmitted to the grid
and adversely affecting the grid's power quality. At the same
time, HESS also supports power generation as required by the
grid [18]. In islanded mode, HESS can support voltage and
frequency stability thanks to SC's quick response and battery's
long-term response, while reducing diesel power output. This
article conducts research in the case of MG operating in is-
landed mode.

3.2. Vehicle to Grid - V2G

With the evolution of EVs in the future, the use of storage
systems in EVs to embark the grid for the purpose of replac-
ing batteries in order to improve the integrated ability of
RES and operating efficiency of MG is currently in tenden-
cy.

There are three types of electric vehicles in current market:
battery electric vehicles, hybrid electric vehicles, and fuel-
cell electric vehicles. All these vehicles can generate clean
AC power at power levels from 10kW to 200kW. For V2G
implementation, three elements are required: (1) power con-
nection for electrical energy flow from vehicle to grid, (2)
control or logical connection, needed for the grid operator to
determine available capacity, request ancillary services or
power from the vehicle, and to meter the result, and (3) pre-
cision certified metering on board the vehicle. For fueled
vehicles (fuel cell and hybrid), a fourth element, a connec-
tion for gaseous fuel (natural gas or hydrogen), could be
added so that on board fuel is not depleted.

Ancillary services for the grid provided by V2G are men-
tioned above. In the peak power service, V2G will support a
portion of the generator's power during peak device’s power.
The required duration of peaking units can be 3 to 5 hours,
then VV2G is suitable for this. In load-leveling service, EVs can
provide power during peak times to relieve pressure on elec-
trical system components, while the power consumption and
charging of the vehicle are carried out during off-peak hours.,
Spinning reserve service for the grid is also provided, is an
additional generation that provides fast response, generally
within 10 minutes to compensate the generation outage [19].
EVs are paid as “spinning” for many hours, just for being
plugged in, while they incur relatively short periods of gener-
ating power. It means spinning reserves are paid for the
amount of the time in which EVs are available and ready.
Regulation services such as frequency and voltage regulation
are also supported by V2G by matching generation with load
demand and compensate reactive power. There are two types
of regulation: regulation up — the EVs will charge its battery
and “regulation down — the battery could be discharged into
the grid to support power [10], [20]. Besides, the integration
of RESs is also supported by V2G. Because of intermittent in
output power of the solar and wind energy, the support of EVs
is required to match the fluctuating supply to the already fluc-
tuating load. The intermittency issue of RESs can be solved by
utilizing a fleet of EVs as energy backups or energy storages.
The EV fleets act as the energy backups to supply necessary
power when the RESs generation is insufficient. Meanwhile,
they act as energy storages to absorb the excessive power gen-
erated by RESs, which would otherwise be curtailed [19]. In
short, EVs can help match demand to generation by discharg-
ing, charging, and storing excess RE for future purposes.
Despite having many benefits to the power grid ,V2G still has
many challenge that need to be overcome such as: battery
degradation, negative effects on distribution equipment, high
investment cost and social barriers [6], [20].

The battery cells will deteriorate gradually under the battery
charging and discharging cycles. The irreversible chemical
reaction in the battery will increase the internal resistance
and reduce the battery useable capacity. The aging rate of
battery depends on many factors, which include the charging
and discharging rates, voltage, depth of discharge and tem-
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perature. Participations of EVs in the V2G technology re-
quire more battery charging and discharging cycles which
are likely to result in quicker battery degradation. Studies
show that battery cycle should be maintained around the
middle ranges of state of charge (SoC) to minimize the in-
crease rate of equivalent series resistance. Also, it is very
important to retain the battery depth of charge lesser than 60
percent. Battery health should also be taken into considera-
tion for the implementation of VV2G technology.

Another challenge to the V2G implementation is the high
investment cost required to upgrade the power system. Im-
provements in hardware and software infrastructure are
needed for the V2G implementation because V2G could
cause the distribition system to be overload [20]. In addition,
the V2G implementation requires frequent charge and dis-
charge cycles and these processes involves energy conver-
sions which will contribute to more conversion losses. When
being charged, the EV becomes a load and can cause an in-
crease in peak demand if EV penetration in the system is
high. The uncoordinated charging of EV will cause increase
in peak demand of electric network. Therefore, it is advisa-
ble to charge the EV in the coordinated way when the off
peak load periods are in frame [21]. In [22], [23], dividing or
delaying charging time for EVs, charging at night or coordi-
nated charging will help reduce power to the system during
peak hours, not causing peak demand.

Last is the social barrier. Since taking part in the V2G tech-
nology requires EV owners to share the EVs batteries energy
with the power grid, this will create the range anxiety among
the EV owners. Also, EV owners tend to ensure a guaranteed
amount of energy stored in the EV battery for emergency use
and unpredicted journey in most cases. In order to reduce the
social barriers for V2G implementation, a well-planned EV
charging network is necessary. In addition, V2G manage-
ment control needs to consider the EV SoC level. V2G con-
nectivity needs to be cut off when the EV SoC is lower than
an initially preset percentage to ensure the battery has
enough energy for the daily driving usage.

The profitability in V2G of EV owners is also a concern. In
general, EV owners can get revenue when participating in
V2G, but that is not really attractive. The main reason is the
degradation of the batteries in EV when participating in
V2G, causes the repair and maintenance of vehicles to in-
crease rapidly, so the economic benefit of V2G is reduced
[24], [25]. Therefore, for EVs to participate in V2G technol-
ogy and avoid the deterioration of battery life, participating
in the frequency and voltage regulation service in the ancil-
lary service is a potential solution, because EV owners still
get paid without charging or discharging power (particularly,
the spining reserve as mentioned above). In addition, EV
owners will still benefit when V2G participates in other an-
cillary services. According to [26], EV owners always bene-
fit from V2G peak shaving service. In [27], peak shaving
product or a renewable consumer/flexible product are rec-
ommended. In the peak shaving product, EVs will gain addi-
tional revenue by discharging during peak hours and charg-
ing during off-peak hours. For a renewable/flexible consum-
er product, EVs can have additional revenue to prevent wind
or solar cuts and make up for the shortfall of renewable re-
sources. The economic benefits for not only of the EV owner
but also of the power system are still being studied. In the

near future, the battery prices are expected to decrease, and
the potential of other ancillary services that V2G can partici-
pate in, making research on VV2G is worth evaluating further.

3.3. V2G power calculation

According to [28], a way to calculate the capacity as well as
the power to be provided by an EV in the station for the grid
is proposed. The number of vehicles stored in station can be
arbitrary, depending on the station space, but only vehicles
with SoC between 20% and 80% can participate in V2G to
support the grid. The available capacity in the station of n
vehicles with the corresponding SoC is:

| |
V(v = Z‘A”E\\y(.)—Z(Y’EV(i)XSOCEV(i)) Q)

where [, and SoCy, are the rated capacity and SoC of a

vehicle, respectively. The power that a vehicle must supply
to the grid is:
Avl
* TEV() p*
Peviy= TIMCY (%)

(n)EVs
where P(fnv) is the required V2G power for the grid.

Assuming in the station, there are only Nissan LEAF electric
cars with the rated capacity of the battery system is 23,4
kWh [65Ah, 360V] [28]. The station space is holding 50
EVs, in which 15 cars have SoC of 40% and 35 cars have
SoC of 70%. The aggregated available capacity of 15 EVs
with SoC = 40% and 35 EVs with SoC =70% are calculated
by (3), respectively:

s 4006 =15 % (65 40%) = 390 (4h)
LS00 =35 % (65 70%) = 1592,5 (4h)

In addition, at the time of power balance, assuming the total
power supplied by the PV and WE system to the grid is 500
kW, load demand is 1100 kW and power provided by diesel
generator is 500 kW. Therefore, the required VV2G power for
the grid at this time is:
p?im,)z 1200-500—600 =100 (kw)
The power each vehicle with SoC = 40% and SoC = 70%
must supply to the grid are respectively calculated by (5):
« _ 65x40%
EV (140%™ 390 +1592,5
Bt 65x70%
EVT0%™ 390 +1592,5

x100 =1,31 (kW)

x100 = 2,3 (kW)

4. Simulation and discussion

The application of V2G technolgy combined with the droop
control method will be evaluated in a islanded Microgrid
system involving supercapacitors, diesel generators and re-
newable energy sources (PV and WE). There are two scenar-
i0s to be considered: MG with and without the participation
of V2G.

Table 1: Parameters of MG system.

Value
1 MW

Parameter
Pload

Meaning
Initial load value
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Ppv Initial PV output power 200 kw
Pwind Initial WE output power 200 kw
Initial diesel generator output
Pdiesel-init pOIV\I/er : g utPut | 600 kw
H Inertia constant 108
Dioad Damping constant 0

Psc_ret P
L SC Model S¢
N

f,-f —
+ 1 Droop control PSCfref

PVZG_ref + ofESS  b—— Pyog ref
Model PVZG

PESSS
1 - T | roop control APgiesel Piesel
—— : + ] f
of Diesel I Ppy Dynamic 1
Poiesel-nit L Puwi model of MG
Wind
load

Fig. 5. General simulation scheme of the system.

The general simulation scheme and parameters are shown in
Fig. 5 and Table 1, respectively. The load curve is shown in
Fig. 6, its value is changed according to the step function.
The initial value is 1 MW, increased to 1.2 MW at 40" sec-
ond and returns to 1 MW at 60" second, then increased to
1,1 MW at 75" second and decreased to 1,025 MW at 90%
second.

1200 -
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g
e a
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Load Power (kW)
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Time (s)

Fig. 6: Load curve.

The simulation scenario of RESs is shown in Fig. 7. During
the first 10s, the PV and WE output power value is stable at
200 kw then start to change. The maximum achievable
power of PV and WE is 250 kW and 300 kW, respectively.

300

——PV System
|——Wind System

RESs Power (kW)
N N N N N
=3 N - (=3 [
o o o o o

i I I i I I I
0 10 20 30 40 50 60 70 80 90 100
Time (s)

Fig. 7: Ouput power of PV and WE source.
4.1. System frequency response analysis

The frequency response results of MG with V2G and with-
out V2G are shown in Fig. 8. At the interval when the RESs
output power value increases (10" to 30" second) and when
the load value decreases suddenly (60" second and 90™ sec-
ond), the total output power of the system is greater than
load demand, leading to an increase in MG frequency. When
the load value increases suddenly (40" second and 75" sec-
ond), the output power of the system is lower than the load,
leading to a decrease in the frequency of the system.

It can be seen that V2G has some positive effects for MG’s
frequency, such as: less oscillation, slower rate of change, less
deviation and faster steady-state time when encountering con-

secutive power imbalance. This shows the effectiveness of hav-
ing V2G participating in frequency support.

50.4 -

Frequency (Hz)
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©
o

N
©
o
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10 20 30 40 50 60 70 80 90 100
Time (s)

S

Fig. 8: Frequency response of MG with and without V2G.
4.2. System power response analysis

The frequency response results obtained in Fig. 8 and can be
explained by analyzing the system power response: in the ab-
sence of V2G, the sudden power changes are compensated
quickly by SC (blue line, Fig. 9) and the long-term power
changes in the system are only compensated only by the diesel
output active power (blue line, Fig. 10). Since the response
power of the DG has a delay, so the amount of power compen-
sation is not fast enough, leading to more fluctuations in the

frequency after the power imbalance occurrence.
. 200 T T T T T

- ——T
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z
o
. 0
5
-8
3 00!
o
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Fig. 9: SC output power response.

On the contrary, when V2G is present, the sudden power
changes are still compensated by SC and the power adjust-
ment based on long-term changes in the system are compen-
sated by V2G along with DG (red line, Fig. 10, 11). Since
V2G has faster power response time than DG, the power
compensates faster for the generation demand imbalance, re-
sulting in fewer frequency fluctuations and less deviation.
This reduces the possibility of frequency deviations out of the
allowable limit which activates load shedding or generation
cut when there is a larger power imbalance. Therefore, the
reliability and efficient operation of the power system are en-
sured.
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Fig. 10: DG output power response.

In addition, the required power from the SC is reduces when
V2G is involved (Fig 9), thereby the calculated capacity and
investment cost for the SC is reduced. Simultaneously, the
variation in output power and power requirements from the
DG are also reduced (Fig 10) therefore reducing operating
costs and increasing the lifetime of the DG. These benefits
mentioned above show the positive effect on MG operation
when V2G is involved.
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Fig. 11: Power response of V2G and SC.
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5. Conclusion

This article studies and evaluates the effectiveness of V2G in
combination with droop control in frequency stabilization and
in the operation efficiency of islanded Microgrid with the par-
ticipation of SC and DG. The results show an improvement in
the system frequency when MG with the participation of V2G
encounters generation demand imbalance. The frequency has
less oscillation, slower rate of change, less deviation and faster
steady-state time as the system encountering power imbal-
ance. Besides, the required power from SC is reduced, leading
to the decrease of investment costs for SC. In addition, the
variation in output power and power requirements from the
DG are also reduced, therefore reducing operating costs and
increasing the lifetime of the DG. These have shown positive
effects on the frequency stability and operation efficiency of
MG with the participation of V2G.

However, the results also show that the the frequency nominal
value is not achievable after an oscillation occurrence. There’s
still a deviation (from the nominal value) in the steady value
of the frequency. The reason is that the droop control method
used in the model is not optimal, so the next research direction
of the article is to improve or use other frequency support
methods to improve the system frequency response after oscil-
lation, so it can be returned to the nominal value.
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Application of Output-based filter for vibration suppression of gantry crane
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Abstract

Gantry cranes are widely used in many different fields such as industry or transportation. However, the crane generates unwanted payload
vibration during operation, causing operation and safety at work difficulties. There are many crane control methods, but most of them are
quite complicated in controller design and practical implementation. This paper proposed the ADRC in combination with Output-based input
shaping filter for gantry crane control, in which ADRC is used for precise position control and the filter is designed to reduce the payload
sway angle. The advantage of this approach is that only the signals of the system output are required for the filter design. Since most of model
information on the target system is not needed, the problem of parameter uncertainty is avoided. Simulation results show that the proposed
design can not only suppression the vibrations in the sway angle output but also achieve the desired system response time in position control.

Keywords: ADRC; Model reference; Output-based filter; Gantry Crane Control

Tém tit

Céu truc dugc sir dung rong réi trong nhiéu linh vuc khac nhau nhu
cdng nghiép va giao thdng van tai. Tuy nhién, trong qua trinh van
hanh ciu truc s& phat sinh rung dong khéng mong mudn cua tai trong,
gy kho khan trong van hanh va an toan khi lam viéc. C6 nhiéu
phwong phép diéu khién cau truc, nhung hau hét chiung déu khé phuc
tap trong thiét ké bo diéu khién va thuc hién trong thuc té. Bai béo
nay dé xuat ADRC két hop véi b loc dinh hinh dau vao dya trén
déu ra dé didu khién ciu truc gian, trong d6 ADRC duoc st dung dé
diéu khién vi tri chinh xéac va bo loc dugc thiét ké dé giam goc lic
cua tai trong. Uu diém cua phuong phéap nay la chi can cac tin hi¢u
ctia dau ra hé thong cho thiét ké bo loc. Vi hau hét thong tin vé mo
hinh trén hé théng muc tiéu la khong can thiét, nén tranh duoc van
dé vé do khong dam bdo cua tham 6. Két qua md phong cho thay
thiét ké dugc dé xuat khdng chi cd thé triét tiéu cac dao dong & dau
ra goc lic ma con dat dugc thoi gian phan hdi hé thong mong muén
trong diéu khién vi tri. Cac két qua md phong cho thiy hiéu qua cua
phuong phap dé xuét.

1. Introduction

Cau tryc la thiét bi quan trong dugc st dung trong nhiéu linh
vuc nganh nghé, c6 chirc nang di chuyén, nang ha hang héa
va cac thiét bi c6 khdi lugng 16n ma con nguoi khong lam
dugc. Hé thdng cau truc ¢ két cau dang con lic, hoat dong
trén hé théng dam d&. Vi vay, viéc thiét ké bo diéu khién
chéng rung cho mé hinh cau truc da tro thanh mot van dé duoc
quan tam trong nhiéu thap ky. Trong suét nhiéu ndm qua,
nhiéu phuong phap tiép can da duoc nghlen clru phét trién dé
giai quyét van dé nay. Trong [1], [2] va [3], céc tac gia da phat
trién bo didu khién PID dé triét tiéu dao dong cua tai trong
biang cé4ch st dung mé hinh dong luc hoc tuyén tinh cua ciu
truc. B4i vai mo hinh phi tuyén, bo diéu khién truot duoc sir

dung [4], [5], [6]. Tuy nhién, cac phuong phap diéu khién
phan hoi ¢ trén can thém cac thanh phan phan cting b sung.
Chuing khéng chi dit tién ma con c6 nhitng thach thic trong
qua trinh lap dat. O mot chiéu hudng khéc, hé théng diéu
khién vong ho ciing dugc nghién ctru va tng dung trong thyc
té. Mot ki thuat dugc dat tén |a phwong phép tao dang tin hiéu
déau vao da duoc mot nhém nghién ciru tai MIT d& xuét va noi
dung 1y thuyét vé phuong phap ndy da duoc trinh bay trong
tai liéu [7], [8]. Phuong phép dinh hinh dau vao truyen théng
hoat dong bang cach tao ra mét tin hiéu bd sung dé loai bo
rung dong do tin hiéu dau vao ban dau gay ra. Trong sé céc
thuat toan diéu khién vong ho, phuong phap tao dang tin hiéu
dau vao thu hat rat nhiéu sy chi y va duoc sir dung rong réi
trong nhiéu tng dung bao gdm ca diéu khién cau truc [9], [10]
va [11]. Thong thuong, phuong phap nay thuong dugc sur
dung dé dinh hinh quy dao ciia xe ciu ma vi tri ciia n6 thuong
dugc diéu khién bai bo diéu khién PID [12].

Trong nhimg nim gan day, bo diéu khién loai bo nhiéu chua
dong (ADRC) dang dwoc quan tam dé thay thé bo diéu khién
PID truyén théng [13]. Phuong phéap diéu khién nay cho thdy
mot sb wu diém trong viéc loai bo nhidu va diéu khién cac qué
trinh c6 cac tham sé kho xac dinh chinh xac. ADRC 1a mot
phuong phap diéu khién trong ¢6 mé hinh hé théng duoc mo
rong véi mot bién trang thai méi, bao gdm tat ca dong hoc va
nhiéu chwa biét, thuong xay ra trong qué trinh md hinh héa hé
thong.

MGt van dé ciia phuong phép tao dang tin higu dau vao truyén
thong 1a mé hinh rung dong phai ¢ dinh, tic 1a tan sb rung
dong va hé sé giam chan 1a khong ddi. Do do, dé dat duoc két
qua dinh hinh diu vao mong mudn, can phai c6 hiéu biét
trong ddi chinh xéac vé dong luc hoc cua dbi tugng. Trong
[14], mot bo loc dau vao duoc dé xuat, day 1a mot phuong
phép thiét ké offline chi dua trén cac tin hiéu cua dau ra hé
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thong. Phuong phap thiét ké bo loc dau vao dua trén két qua
dau ra cua hé thdng 1a mot phuong phap thiét ké nham giam
thiéu su khac biét gitra dau ra caa hé théng thuc té va mo hinh
mau. Phuong phap ndy c6 mot s6 uu diém chinh: (a) chi yéu
cau céc tin higu cua dau ra hé thong, (b) c6 thé chon do giam
chan va bing thong thich hop cua toan hé thong dé mang lai
dong luc hé thong mong muon.

Bai bao nay dé xuét két hop bo diéu khién ADRC va bo loc
dinh hinh dau vao dua trén tin hiéu diu ra dé didu khién cau
truc. Bo diéu khién ADRC déng vai tro diéu khién xe day dén
vi tri mong mudn, trong khi bo loc duya trén tin hiéu dau ra
dong vai tro triét tiéu dao dong cua tai trong. Két qua md
phong cho thay dap ung tot caa phuong an diéu khién dé xut.
Noi dung cua bai bao dugc t6 chtre nhu sau. Phan 2 trinh bay
md hinh toan hoc cua cau truc. Phan 3 trinh bay noi dung thiét
ké diéu khién vi tri va chng rung cho cau truc. Céc két qua
m6 phong dugce mo ta trong Phan 4. Cudi ciing, két luan dugc
dwa ra trong Phan 5.

2. M0o hinh toan hoc cuia cau truc

Xét md hinh hé théng cau truc di chuyén theo phuong ngang
X, treo mot tai nang ¢ dudi theo phuong Y dugc md ta nhu
Hinh 1, trong do:

x: Vi tri ciia xe ddy theo phuong X

I: chiéu dai cua cap treo

6: goc dao dong cua tai

m, : khdi lugng xe dy

m,,: khdi lugng tai

fex = BegX: luc can ctia khong khi tic dong vao chuyén dong
xe day

foo = B,,H': lyc can cua khong khi tac dong vao chuyén dong
con lic.

F;: luc cang day.

Y
x(1) |
i
fox A
\R X
' \
—\
01 \ .
Ze
feo

Observer

D¢ don gian bai toan ta coi ca xe day va tai la khéi lugng cua
mot chat diém va tac dong cua nhidu duoc bo qua trong béo
c4o nay. Ta c6 vector vi tri tai trong va xe day trong hé toa do
XY duoc md ta nhu sau:
Xm =Xx+1sin0; x, =x (D)
Vi =—lcos0; y,=0
Pong ning va thé ning cua toan bo hé théng dwoc tinh theo
cong thic:

P . 2
T = Tcautruc + Ttai = Emtxz + Emp(xzm + yT%l) ( )
P =mygy, = —mpglcos 0
Ta c6 ham Lagrange cua hé:

L=T-P= Emtxz + Emp(xzm + yr%l)

+mpglcos 0 3)

1 1 . . .

L= Emtfcz +§mp(5c2 + 1% + 1202 + 2xisin 6

+ 2x16 cos 9) +mpglcos 6
Ap dung phuong phap lagrangian cho chuyén dong tinh tién
cua xe theo truc X va chuyen dong quay cua con lic ta dugc:
(me +my)# + mple cos 6 — mlgle2 sinf +
2mplt9cost9 +mplsmt9 = F — Begx
lH+xcos€+gsmt9——Bp9 “)
Voi:
B, : hé s nhét can xe theo truc X (Ns/m)
B, : hé s nhét can tai (Ns/rad)
Gia sir luc cang day cap khi kéo tai duoc bo qua, do d6 chiéu
dai day 1 coi nhu 12 khong ddi nén ta c6 [ = [ = 0. Thé vao
cac phuong trinh trén ta thu dugc hé phuong trinh rat gon mo
ta md hinh cau truc:
(m¢ +my)i + mylf cos 6 —m, 107 sin 6 (5)
= F, — Bog
160 +%cosf + gsinh = —Bpé
Tur phuong trinh 2 ctia hé phuong trinh (5), véi goc dao dong
1a nho, nén ta coi cosf ~ 1,sind =~ 6 tir d6 cd ham truyén
gitra gbc dao dong va vi tri:
6(s) —s? (6)
X(s) Isz+ Bys+g
Trong d6: B, = 2&,/gl véi & 1a h¢ s6 giam chan.
Hé thong diéu khién duoc thiét ké dé co thé dat dugc hai muc
tiéu: diéu khién xe ddy dén vi tri dat mong mudn va giam géc
rung lic cua tai kich thich boi chuyén dong cua xe day. Do dé
trong bai bao nay, phuong phap dugc dé xuét Ia sir dung bo
diéu khién ADRC dé diéu khién vi tri cua xe day va sir dung
bo loc dinh dang du vao dya trén moé hinh miu dé giam goc
rung lic cua tai. Cau trdc didu khién két hop dugc mé ta nhu
& Hinh 2.

Process Sway angle

z
> Trolley position

Hinh 2: Ciu tric diéu khién ciu truc dé xuét
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3. Thiét ké diéu khién
3.1. Thiét ké bd diéu khién vi tri cho xe diy

Dé xay dung b¢ dieu khien ADRC cho viée diéu khien vi tri
xe day, thuc hién bién d6i phuong trinh dau tién caa hé (5) vé
dang:
¥=f+bgu 7
Véi:
f) = i(lécos@ —16%5in0) — Bk
m, +m, eq
u(t) =F
_ 1
Com, +m,
Mot bd quan sat mo rong (ESO) [13] duogc xay dung dé cung
cap gia tri uéc lugng cua f, tir do thuc hién bu lai tac dong
cua f trén m hinh bang phwong phap loai bo nhiéu. Bo quan
sat mo rong thiét ké dudi dang:
2 (1) =2, + L ®) —2,() (8)
%,(t) = %5(t) + bo. u(t) + L, (y(t) — %, (6))
%3(t) = L(y(0) — %,())
Trong d6 Ly, Ly, L5 & cac tham s6 cua bo quan sét. £;, £, 25
lan luot la cac gia tri woc luong cua x, x va f tuong tng. Khi
d6 voi luat diéu khién cé dang
u = (up —%3)/bo ©)
Phuong trinh (7) s€ dugc dua vé dang hai khau tich phan don
gian:
¥(t) = ug (10)
Mot trong nhimg cach don gian dugc dé xuat dé chon luat diéu
khién u, la chon:

by

Uy =Kp(r—%,) — Kp. %, (11)
Thay (11) vao (10) ta cé
() = Kp(r(®) — x(©)) — Kp.%(t) (12)
Hay ham truyén hé kin cta vong diéu khién vi tri 1a
X(s) _ Kp (13)

Gar() = R(s) s?2+Kps+Kp
Trong d6 Kp va K, 1a cac tham s6 cua bo diéu khién. Cac tham
sb nay cung vai cac tham s cua bo quan sat ma rong cé thé
lya chon theo phuong phap dé xut boi [15] trong d6 T, 12
thoi gian qua d6 mong mudn cua dap wng hé kin.
Kp = (s“1)2,Kp = —2s°L,

I, = —3.5550, 1, = 3(s550)2, 1, = (sF50)3 (14)
5.85
s~ — ,sES0 = (3...10)s¢"
TSCC‘ . N
Khi d¢6 ham truyén hé kin ctia vong diéu khién vi tri s& c6 dang
X(s) _ (H? (15)
Ga(s) = =

R(s) (s —sC)?

3.2. Thiét ké bp lgc giam dao d9ng ciia tai trong

3.2.1. Co 56 Iy thuyét vé bg loc dwa trén tin hiéu diu ra
Phuong phép thiét ké bo loc dya trén dau ra cua hé thong la

mot phuong phép thiét ké bo loc nham giam thiéu su khac biét
gitta dau ra hé thong thuc va dau ra cia mo hinh tham chiéu

[14]. Bang cach giam su sai léch gitra dau ra, bo loc dau vao
dam bao rang hé théng thuc té dap tng theo két qua tham
chiéu. Céu tric chung cuaa b loc dwgc thé hién nhu Hinh 3.
F(s) va G,(s) lan luot 12 ham truyén cua bo loc va ham truyén
cua dbi twong tham chiéu. Phuong phap nay c6 mot sé wu
diém chinh: (a) chi yéu cau cac tin hiéu cia dau ra hé thong,
(b) c6 thé chon d6 giam chén va bang thong thich hop cua
toan hé thong dé mang lai dong luc hé théng mong mudn. Nho
vay ma khi két hop vai bo didu khién ADRC thi khong chi c¢6
thé loai bo hiéu qua cac rung dong ¢ dau ra caa hé thong, ma
con gidp hé théng dat duoc thoi gian dap tng mong mudn.

Reference model

Process

F(s) G(s)

Hinh 3: C4u tric bd loc

Xét d6i trong c6 ham truyén sau:

(16)

Trong do6:

& 1 hé s giam chan.

w,, : tan s6 dao dong tu nhién.

K : hé s6 khuéch dai

Muc dich thiét ké bo loc F(s) dé lam giam dao dong cua ddi
tuong G (s). V&i d6i twong c6 dang dao dong nhur trén thi ham
truyén cua mé hinh tham chiéu cé thé dugc dé xuét c6 dang:

K(s) 17
6(5) = = : an
§? + 28 0ms + wi
Khi do6 bé loc sé duoc dé xuat ¢6 dang:
a,s?+ a;s + aq (18)

F(s) =

52 4+ 28, w0ms + W

Muc tiéu 12 tinh todn céc hé sé a, ,ay,a, dé F(s).G(s) =~
G,(s). Goi y(t) va y,(t) lan luot 1a dap tng budc nhay don
vi cua F(s)G(s) va G,(s). Dé c6 thé dat duoc F(s)G(s) =
G,(s) thi can giam thiéu sai léch gitra y(t) va y,.(t). Mot ham
chi phi dugc dinh nghia nhu sau:

E= f (® - y.®)dt

0
Muc tiéu lac nay Ia,xéc dinh cac tham s6 cua bd loc sao cho
E c0 gia tri nho nhat. Trén thyc té khoang tinh tich phan c6
thé dugc chon 1a mot khoang thaoi gian hitu han T du 1on

(19)

£ = [ - @) a (20)
bt F;(s) = 52 + 28 Wm;S + wh; VA& fi(s) = s'/F,. Lic

nay ta co
2

F()6(5) = ) aifi()G(s)

i=0
Ky hiéu d&p tmg budc nhay don vi cua f;(s). G(s) 1a y;(t),
khi d6:

1)
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y(©) = ) an(®)
i=0
Luu y rang y(t) chua xac dinh néu F (s) chua biét, nhung c6
thé xac dinh duoc y; (t) khi F,(s) da biét.
Thay (22) vao (20) va theo phuong phap binh phuong nho
nhét, diéu kién can va du dé dat duoc gia tri E nho nhét la:

6E =0k=0,1,2
da, = OLE (23)
Cac giatri ag, a4, a, co thé nhan duoc tir viéc giai hé phuong
trinh [14]:
2

(22)

D S = Ser = 0; k=0,1,2 (24)
i=0
Trong d6 Sy, ; va Sy, duoc dinh nghia la
T
P = f (7 ®y:(©))dt
0
(25)

T
Sir = f (e Oy, (©))dt

0
k=0,12;i=0,1,2
Trong tng dung thuc te, cac dang roi rac cua Sy ; va Sy, &
thuan tién hon cho viéc thiét ké:

S = ;(yko'm).yimt))

v (26)
Ser = ) (0., 80)

j=0
k=0,1,2;i=0,1,2
voi At la thoi gian trich mau va N = T/At. Khi y;(jAt) va
y,(jAt) da duoc trich mau thi S ; va S, c6 thé duogc tinh
toan tir cong thirc (26) va a,, a,, a, c6 thé dugc tinh toan tur
cong thuc (24).

3.2.2. Thiét ké bg loc cho cau truc

Ddi véi mo hinh cau truc, do ham truyén giita goc l4c tai va

vi tri xe ddy c6 dang bac hai, thdng qua mot sb thir nghiém,

bai bao dé xuat chon ham truyén tham chiéu cho goc dao dong

cua tai trong 8(t) c6 dang:
—S

G (s) =———7
r(s) (s + wp)?
trong do6 ta co lirr(} G.(s)=0valimG,(s) =0
S— S$—00
Khi d6, bo loc thiét ké dua trén tin hiéu dau ra co dang:
2
a,s“+a;s+ag
F(s)=———F5—
(s + wf)
D¢ y rang khi thiét ké bo loc phia trugc bo diéu khién vi tri
nhu cau tric ¢ Hinh 2, ta cd ham truyén hé kin cua vi tri dat
va vi tri thuc cua xe déy lUc nay sé tro thanh:

Cals) =FE) Gy KDS + K, (29)
Do d6 dé vi tri cua xe ddy van bam theo vi tri dat thi ta chon
a, = w} hay ndi céch khéc:

lim F(s) ———P =

o0 ST Y Kps + Kp (30)
Khi d6 b loc chi con ¢6 2 tham sb a, va a, can phai tinh toan
dua theo phuong trinh (24).

(27)

(28)

Bai b4o nay thuc hién tinh toan thdng sé cua bo loc véi cac
gid tri wy = 2,4 va 6 dé c6 thé so sanh keét qua.

3.3. Khao sat dap &ng vi tri trong mién thoi gian

Xeét tin hiéu dau vao la tin hiéu budc nhay r(t) = 1(t) hay
R(s) = 1/s. Khi do, véi tin hiéu vao la gia tri dat buéc nhay
don vi, X(s) = R(s) G'.1(s) hay

1 ays?+a;s+ay, s

X( ) N ; (s + a)f) (5 - Scl)z

Tién hanh biég d6i Laplace nguoc, dap ing budc nhay don vi
cua vi tri Xe déy la:

(1)

e “rt.A eSctt B
x(t) = 3 3 (32)
f a)]%(scl + C()f) (SCl + (,l)f)
te ®rt.c teSct, D
- z T 2
(l)f(scl + (l)f) (Scl + (l)f)
Trong do6:

A= _azsCSleZ + aosgl + azsCZle3 - Zalsglez + 3a0$?le

B = 3aysy + agWy + 20,55 + a,53
C = a;siwf — a;sZwy + aosy
D = a,s4 + ais¢ + aosa
Theo dinh nghia vé thoi gian xac lap ¢, [16]:

[x(ts) —x()| =4 (33)
trong d6 x(o0) = 1 la gid tri xac lap ciax va 4 = 2% va luu
y ring a, = w?, do d6

2
- QZSCle

e “rts A esctts B te @fts, C
+ 34
cu]%(sd + wf)3 (sd + wf)3 wf(sd + wf)Z (34)
toeSctts, D
- =002
(S(.‘l + (l)f)

Phuong trinh (34) thé hién méi quan hé giira thoi gian xac
lap t, va cac hé sé cua bo loc. Do d6 khi cac hé s6 cua bo
loc da xac dinh thi cé thé tinh dwoc thoi gian xac 1ap cua
hé thong diéu khién vi tri xe cau theo phwong trinh nay.

4. Két qua md phéng

Dé kiém tra sy hiéu qua cua cau tric diéu khién duoc dé xuat
cho hé cau truc, md phong duoc thyuc hién véi cac thdng sé vé
hé cau truc & Bang 1. Cac thong sé cho b didu khién ADRC
cho diéu khién cau tryc duoc lya chon nhu trinh bay & Bang
2.

Véi nhitng théng sé ¢ trén, tir mé hinh da xay dung dwoc &
Hinh 4, tién hanh m6 phong ta thu dugc cac gia tri trich mau
cua 6, (jAt), 6,(jA), 8,(jAt), 6,(jAt) (Phu luc). Lua chon
At =0.55, T =10s - N = 20, dya vao cong thuc (24) va
(26) ta tinh dwoc cAc tham sé a, ,ay, a, cua b loc cho lan
lugt wf = 2,4 va 6 theo Bang 3.

Bing 1: Thong sé cua hé théng cau truc

m,(kg) | 0.536 & 0 g(m/s?) | 9.8
my,(kg) | 0.375 L (m) 0.64 - -

Bang 2: Thong sé cua bo diéu khién vi tri
b, 1.0977 | Kp 2.1389 L 39.4875
Tser(s) | 4 K 2.9250 I, |519.7542
Sl -1.462 | sF5°0 | —13.1625 | I, 2280.4
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Bing 3: Thong s cua b loc theo gia tri cia wg

Wf = 2 Wf = 4 Wy = 6
a, = 0.1747 a, = 1.3654 a, = 3.2540
a, = 0.0025 a, = 1.0849 a, = 1.3444
a, =4 a, =16 ay, = 36

Vi s, = —1.462 cling vai thdng s6 bo loc dugc tinh toan
trong Bang 3, thay vao phuong trinh (34) ta xac dinh thoi gian
qué do cua dap tng vi tri cho tiung truong hop b loc tng véi
tiing w; nhu & Bang 4.

Béng 4: Thoi gian qua do caa dap ung vi tri theo ting b loc

Wg = 2 Wf = 4 W¢ = 6
t. = 5.48(S) t. = 4.62(3) t. = 4.43(3)
Theta E
i ey s
o - X_ADRC fy
Theta E
(s+ mf)z )
2 X_ADRC |y
Theta @
! X{m)
(s+cu/)’,
i X_ADRC [
pr3 |
. (s +wp)* | ) @

x(m)i Gr

Hinh 4: M6 phong mé hinh tinh toan x4c dinh tham sé caa bo loc

Céc két qua md phong duoc thé hién trén Hinh 5 va Hinh 6.
Két qua md phong bo didu khién ADRC két hop bo loc cho
thdy do giam goc dao dong rd rét so vai bo didu khién ADRC
thong thuong. Tuy nhién do ¢ b loc nén thoi gian dap tng
vi tri ciia xe ddy s& cham hon khi chi str dung bo diéu khién
ADRC thong thuong.

Bo diéu khién ADRC ddi véi mé hinh cau truc c6 thoi gian
qua do vi tri khoang 3.7(s), sai léch so véi thoi gian qua do
mong mudn T, = 4(s) khoang 0.3(s). Sai s6 nay mot phan
1a do khi tinh toan da 1am tron sb. Géc dao dong khoang
0.06(rad)~ 3.44°, c6 hién twong tit dan va tit han sau khoang
9(s).

Trudng hop wy = 2 cho goc dao dong nhé nhat khoang 0.018
(rad) ~ 1.03° (so v6i bo ADRC 3.44°) va tat han sau 6s, tuy
nhién thoi gian qué d6 cua vi tri lai I16n nhat khoang 5.4 (s) (so
véi 3.7(s) cua b ADRC) va kha dung véi thoi gian xac 1ap
tinh toan.

Truong hop wy = 4 ¢6 thoi gian qua do vi tri la khoang 4.5s
va goc dao dong khoang 0.03 (rad) ~ 1.71° va tit han sau
khoang 5s. Thoi gian qua d6 kha dung véi thoi gian xac 1ap
tinh toén t, = 4.62(s) (sai léch 0.12s).

Truong hop wy = 6 €6 thoi gian qua d6 vi tri nho nhét khoang
4.3(s) nhung goc dao dong Ién, khoang 0.05 (rad)~2.86° va
tat han sau 6(s). Thoi gian qua d¢ kha dang véi thoi gian xac
lap tinh toén (t, = 4.43(s)) (sai léch 0.13s)

5. Két ludn

Bai bao nay dé xuat mot thiét ké két hop cua b diéu khién
ADRC véi bo loc dinh hinh dau vao duoc thiét ké dua trén tin
hiéu dau ra cho bai toan diéu khién vi tri va chéng rung cho
cau tryc. Phuong phap thiét ké nay chi yéu cau dau ra cua hé
thong, trong khi hau hét théng tin vé mo hinh hé théng la
khong can thiét. Két qua méd phong cho thiy dap tng tét cua
hé thong vé dap ung vi tri ciia xe ddy va chdng rung cho tai
trong.

D6 thi dap rng vi tri
0.45 thi dap tng vi

B L LrL T LLLE T PP PP P

ADRC Filter wf=4
ADRC Filter wf=6 | §

[ Setpoint
===== ADRC
= == ADRC Filter wf=2

0 2 4 6 8 10
Thoi gian(s)
Hinh 5: Bap tng vi tri cua xe day

Db thj goc dao déng

== === ADRC ADRC Filter wf=4
= = ADRC Filter wf=2 ADRC Filter wf=6
N\
s
\
mrﬂﬂ
- Sl i suraser
— v/ — =
E NS
~
=
-0.08 - : - -
0 2 4 6 8 10
Thoi gian(s)

Hinh 6: Géc dao dong cua tai trong
Tai liéu tham khao
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5 | 0.0063 -0.001 -0.0002 0
Bang 5: Bang gi4 tri trich mau cho b loc Wy =2 6 0.0008 0.0012 0 0
_ 7 -0.0037 0 0.0003 0
1 | 0;(GAt) | 6,GAY) | 8,(AY) 6,(jAt) 8 | 00007 | -0.0008 0 0
0 0 0 0 0 9 0.002 0.0001 -0.0001 0
1 | -0.0153 [ -0.0095 -0.0019 -0.0735 10 | 00009 | 0.0004 0 0
2 | 00401 | -0.0016 -0.0059 -0.0541 11 | 00008 | -00002 0 0
3 | 0.0066 | 0.0136 -0.0021 -0.0298 12 1 00008 | 00001 0 0
4 | -0.0318 | 0.0044 0.0031 -0.0146 13 | 00002 0.0001 0 0
5 | -0.0018 | -0.0056 0.0022 -0.0067 14 | -0.0005 0 0 0
6 | 0.01489 | -0.0002 0.00041 -0.0029 15 0 20,0001 0 0
7 | -0.0053 | 0.0025 0.0014 -0.0013 16 | 00003 0 0 0
8 | -0.0075 | -0.002 0.0016 -0.0005 17 | -0.0001 0 0 0
9 | 00059 | -0.0022 0.0003 -0.0002 18 | -0.0001 0 0 0

10 [ 0.0033 | 0.0009 | 2.8338E-05 | -9.08E-05 19 | 00001 0 0 0

11 [ -0.004 0.0004 0.0005 | -3.6744E-05 | [5g 0 0 0 0

12 -0.0004 -0.0011 0.0002 -1.4746E-05

13 | 0.0028 | -0.0001 -0.0001 -5.8769E-06

14 -0.0005 0.0005 3.1939E-05 | -2.3283E-06

15 | -0.0014 | -0.0002 0.0001 -9.1770E-07

16 0.0008 -0.0003 -2.209E-05 | -3.6011E-07

17 | 0.0006 0.0002 | -5.752E-05 | -1.4076E-07

18 -0.0006 0.0001 4.2189E-05 | -5.4828E-08

19 | -0.0002 | -0.0001 | 2.7532E-05 | -2.1290E-08




GIOI THIEU
DIEN PAN SINH VIEN NGHIEN CUU KHOA HQC
STUDENT FORUM

Dién dan Sinh vién Nghién ctitu Khoa hoc (SF) 1a mot hoi nghi danh cho sinh vién nganh Ky
thuat Dién, Dién tir, va Nang luong cua cac truong dai hoc ky thuat trong nudc va quoc té. Dién dan duoc
mé ra nham muc dich cung cap cho céac sinh vién co hdi dé trao ddi cac nghién cau khoa hoc, ma rong
mang ludi hoc thuat va ting cuong giao luu hoc hoi, tir d6 xay dung nén tang viing chic vé nghé nghiép
trong tuong lai.

Tién than caa SF bét dau tir nam 2020 dudi dang mot dién dan véi cac bai trinh bay ngan cua cac
sinh vién. SF*2020 1a mot phan cia mot dy an H tro K§ thuat nganh Ning lugng Viét Nam — EU (EVEF)
gitta GIZ va truong Pai hoc Bach khoa Ha Noi. Dién dan nim 2020 véi chu dé Nang lwong Téi tao da
thu hat duoc 60 bai phat biéu (lya chon tir 83 dé xuat nghién ctru) cua cac sinh vién, trai dai trong sudt
mot ngay qua 12 phién béao cao.

Dua trén su thanh cong caa SF’2020, sau truong dai hoc ky thuat caa Viét Nam, bao gém: truong
Pai hoc Bach khoa Ha Néi, Pai hoc Khoa hoc va Céng nghé Ha Noi, Pai hoc Bién luc, Pai hoc Thuy
loi, Pai hoc Céng nghiép Ha Noi, va Pai hoc Bach khoa Pa Ning di thdng nhat ciing nhau té chuc dién
dan nay hang nam dudi dang Hoi nghi khoa hoc dé duy tri san choi cho céac sinh vién ki thuat trong ca
nude va dinh huéng qudc té hda. Hoi nghi s& dugc luan phién to chirc boi sau truong dai hoc véi chu dé
c6 thé thay doi theo tirng ndm va theo don vi to chirc. Cac bai bao sau khi duoc trinh bay tai hoi nghi
cling s& duoc dé xuit chinh stra, mé rong thém noi dung khoa hoc dé dang tiép tai cAc tap chi dau nganh
trong nudc. Nam 2021, SF duoc t chic tai truong Dai hoc Bach khoa Ha Noi vai noi dung vé& Ning
lwong Bén virng, thu hut dugc 136 bai bao cao trén tong sé 161 bai nop voi thm chu dé lién quan. Chuyén
san vira qua da tiép nhan mot s6 bai bao cua SF’2021 duoc cac tac gia mé rong thém ndi dung hoc thuat,
va hién nay ba trong s d6 d& duoc chap nhan ding.

Niam nay, SE’2022 duogc ding cai t6 chuc bai trudng DPai hoc Cong nghiép Ha Noi véi cha dé
“Nang lugng déi voi su phat trién bén viing” s& dién ra vao hai ngay 24-25/12/2022. Pay ciing s& hta
hen tiép tuc 1a mot hoi nghi khoa hoc cua sinh vién thanh cong.

Kinh d& nghi céc quy thay cd, cac nha khoa hoc hd trg Dién dan Sinh vién Nghién ciru Khoa hoc
dé tao ra mot san choi bd ich, 1au dai cho cac sinh vién thdng qua viéc giao dé tai, khuyén khich va cir
sinh vién tham du va béo céo tai hoi nghi. Chuyén san Po ludng, Diéu khién va Tu dong hda ludn chao
d6n céc cong trinh khoa hoc tiém nang tir cac ban sinh vién.

Ban Bién tap Chuyén san
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