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Abstract

In low-cost permanent magnet synchronous motor (PMSM) drive systems, the rotor position is usually estimated based on the back-electro-
motive force. However, such estimation methods have the common drawback of having large errors in low-speed regions. In order to solve
that drawback in the startup phase, the I-f startup method is studied as its compatibility with the FOC control structure. The purpose of such
a method is to make the motor accelerate and overcome the low-speed threshold. The process of implementing the I-f startup algorithm is
divided into two stages, the first one is acceleration stage, and the second one is smooth transition stage. During the acceleration phase, the
motor speed is controlled using a constant-magnitude current vector located on a virtual rotating reference frame. Analyzes of possible
oscillations and causes of system instability during the startup phase are clarified in this study. The requirement of the parameters of the
virtual rotating reference frame and the current vector for ensuring the acceleration process is under control is presented. The smooth transition
stage is added so that large peak current pulses do not occur when switching from startup mode to closed-loop control mode. The algorithm
for reducing the virtual current vector magnitude by a simple linear ramp function is shown in this paper. The analysis is verified through the
simulation results.

Keywords: Acceleration; Electrical angle error; FOC; I-f startup; PMSM; Self-stabilizing; Sensorless control; Smooth transi-
tion; Virtual rotating reference frame

Symbol Nomenclature

Symbol Unit Describe PMSM Permanent magnet synchronous motors

Ud, Ug \Y/ d-g axis voltages SPMSM Surface-mounted PMSM

g, ig A d-q axis currents FOC Field oriented control

id", iq" A d-q axis reference currents HFSI High frequency signal injection

igs A Qg axis startup current Pl Proportional integral

Rs Q Stator phase resistance B-EMF Back-electromotive force

Ls H Stator phase inductance

Lg, Lq H d-q axis inductance 1. Introduction

Jm Wh Rotor flux

We, Or rad/s Electromagnetic and PMSM is gradually gaining popularity recently dues to the
. mechanical angular speeds compactness, high performance and low noise suitable for in-

Wes rad/s Virtual reference angular speed  qystrial and electric vehicle applications. Field-Oriented Con-

p Pole pairs trol (FOC) is the classic control method for PMSM drive sys-

Oe rad Rotor electrical angle tems [1]. The FOC algorithm requires converting the stator

Oeo. rad Initial electrical angle current components from a stationary reference frame to ro-

Ocs rad Virtual electrical angle tating reference frame using the Park transform. The imple-

ADe rad Electric angle error ) mentation of FOC algorithm requires real-time feedback of

YVes rad/s? Virtual angular acceleration stator current and rotor position.

9 * Relative angular error In some low-cost applications, rotor position estimation algo-

Te Nm Electromagnetic moment rithms are based on back-electromotive force (B-EMF) [2],[3]

T Nm Load moment are used instead of using actual measuring devices. However,

Tio Nm Initial load moment this method has large errors at low-speed regions negatively

ke Squared scaling factor affecting the FOC algorithm. A method to improve rotor po-

Jm kgm? Inertia moment sition estimation at low speeds or to increase the motor speed

to a threshold high enough for FOC to be performed accu-
rately is necessary.
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A method to improve rotor position estimation for PMSM
can be mentioned as high frequency signal injection (HFSI)
[4], [5], [6], which can determine the rotor position over the
motor speed ranges. The HFSI is performed based on the es-
timation of the minimum inductance position using a loop of
measuared current differential calculations combined with fil-
ters. However, the complex algorithm also introduces high-
order harmonic components in the curent, so this method is
not necessary for low-cost applications such as pumps, fans
Or COMPpressors.

A startup method allow accelecrate the motor through low
speed is V/f, be widely used in asynchronous AC motor con-
trol, has been researched for use in PMSM drive systems [7],
[8]. The V/f method has an open structure with no current or
position feedback, and it is simple for implementation. Howe-
ver, using the V/f structure to start the PMSM faces many dif-
ficulties when switching to FOC since one structure is scalar
control and the orther is vector control.

Since 1990, I-f startup method was proposed [9]. Due to the
increasing demand for PMSM, there has been much research
over the past decade about the I-f startup method [10-17]. This
method has a structue that the FOC current closed-loop com-
bined with speed open-loop control. Most of these research
show that I-f has two stages, the first stage accelerates the mo-
tor beyond the low speed threshold and the next stage is
smooth transition, convert from the open-loop to closed con-
trol.

In the acceleration stage, the motor is accelerated by establis-
hing a large enough current vector on the virtual rotating re-
ference frame and injecting to the FOC current controller. The
binding condition between the magnitude of the current vector
and the rotation speed of the virtual rotating reference frame
has been shown in [11-15] but optimal selections of parame-
ters has not been presented. Study in [13] has shown that os-
cillations can be occurred if acceleration of the virtual rotating
frame are too small, but analyses for various load conditions
and applications have not shown. Another thing that needs to
be mentioned is the angle error between the virtual rotating
reference frame and the real rotating reference frame (rotating
frame associated with the rotor flux vector) at the starting time
also affects the stability of system. Although these reseachs
[12], [13], [17] showed the conditon about the first angle error,
it was not detailed, clear and not entirely true for light or
heavy starting load conditions.

Since the virual current vector which is injected into the FOC
current controller is much larger to generate an electromag-
netic torque that is balanced with the load torque, leading to
the existence of the rotating frame angle errors after the end
of the accelaration stage. If the system immediately switch the
speed controller from open-loop to closed-lopp mode, it will
cause very large torque and current pulses, adversely affecting
the mechanical and electrical systems. Due to that, a smooth
transition phase must be performed to reduce the angle error
between the two rotating reference frames before switching
control modes. Studies [10], [12], [15] proposed nonlinear
current reduction algorithm based on the Euler exponential
function, while studies [11], [14], [17] use the algorithm for
linearly reducing the reference current based on the slope
function.

Although the I-f method has been shown and there was much
research, it has not been analyzed enough. The contribution of

this paper is to analyze the stability conditions for the PMSM
drive system when performing acceleration and smooth shift-
ing with the I-f startup method. Fluctuations may occur when
inappropriate acceleration parameters are selected or/and the
presence in angle difference between the virtual rotating ref-
erence frame and the real rotating reference frame during ac-
celeration phase. The method of reducing the amount of cur-
rent using the slope function is used to make the algorithm
simpler in the smooth transition stage. PMSMs are classified
into two types [18] but this paper is mainly aimed at surface-
mounted permanent magnet synchronous motors (SPMSM).
To verify the I-f starting method by simulation and evaluate
the applicability for some practical applications, a load which
has mechanical characteristics like an industrial fan is consid-
ered.

In this paper, the mathematical model and control structure
for SPMSM are presented in section 2, the analysis of the the-
oretical basis of the I-f algorithm is stated in section 3, the
simulation results and discussion are shown in section 4, and
the conclusions are stated in section 5.

2. Control configuration of SPMSM drives

2.1. SPMSM modeling

The modeling of SPMSM can be expressed in synchronous
rotating dq reference frame:

. di .
ud :Rsld +Lsd_;:j_a)e|'slq (1)
di
u, =R, + L d—2+a)eLSid + 0,4, 2)

Since SPMSM has equal axial inductance components Ly and
transverse inductance Ly [18], in equations (1) and (2) only
use the symbol L; to replace Lg and L.

The relationship between the electrical angular speed and the
rotor mechanical angular speed is determined as follows:

®, = po, 3)

e

The rotor electrical angle is determined according to the elec-
trical angular speed as follows:

0, = [mdt+6, (4)

The electromagnetic torque of SPMSM is determined accord-
ing to the following expression:

3 .
Te = 5 p/lmlq (5)

The kinetic equation of SPMSM is determined according to
the following expression:

do, _T,-T, (6)

2.2. SPMSM drive control configuration

The overview structure of the SPMSM drive control system
is shown in Figure 1, including an FOC-type closed current
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loop, an I-f startup open loop, and a speed control closed loop.
The I-f startup open-loop and the speed control closed-loop
cannot be executed at the same time, so a switch between two
consecutive processes (pin 1 and pin 2) is added. Pin 1 is con-
nected to the values set from the algorithm of the I-f startup
process, pin 2 is connected to the output of the speed control-
ler. All these pins conduct signals to the internal FOC current
loop.

The current loop plays a role in controlling the electromag-
netic process in the motor stator. The current controller im-
plements an algorithm to control a current vector consisting
of two components, the d-axis current iq and the g-axis current
ig components. Two Pl linear control channels combined with
interchannel noise compensation are used [1]. To compensate
for disturbances caused by B-EMF, the value of the rotor elec-
tric angular speed needs to be determined and put into the cur-
rent controller. From (5) function, the electromagnetic torque
produced is linearly proportional to iq and does not depend on
ig. Therefore, iq” is set to zero to achieve maximum torque per
ampere control as well as reduce power loss. The current ig"
is the output of the speed controller. To perform the transition
from a stationary reference frame to a rotating reference frame
or vice versa, the rotor electric angle value needs to be deter-
mined.

The role of the speed control loop is to regulate the mechani-
cal process on the motor rotor. Two control processes are per-
formed consecutively in this loop. To be concise in naming
the control algorithm implementation processes, the I-f startup
algorithm implementation process is called I-f mode, and the
traditional PI algorithm implementation process is called Pl
mode. Pl mode is based on the error between the reference
speed and feedback speed to calculate the amount of iq" which
generate electromagnetic torque so it can be considered as a
closed loop control. I-f mode does not need speed or position
feedback values but is based on pre-determined system pa-
rameters and conditions, so it is considered an open loop cir-
cuit. I-f mode is divided into two stages, the first stage is ac-
celeration, and the second stage is smooth transition stage.
The theoretical analysis of the I-f mode, as well as the two

stages of algorithm implementation, are presented in detail in
section 3.

3. I-fstartup method

3.1. Acceleration stage

The purpose of the acceleration stage is bringing the motor
rotor past a low speed threhold, typically around 15% to 35%
of rated speed.

From function (3), (5) and (6) can be rewriten as follows:

1 da)e B 15 pimiq —TL
p dt J,

(")

According to (7), the rotor can accelerate by applying a suffi-
ciently large current iq". Therefore, the FOC algorithm re-
quires precise angular position of the rotor flux vector, which
is not available at low speeds. Instead, the I-f starting method
uses a virtual current vector associated with a virtual rotating
reference frame, with following parameters: igs" is the virtual
reference current vector magnitude, yes is the angular accel-
eration of the virtual rotating reference frame, wes" is angular
speed of virtual rotating reference frame, 6es" is angular posi-
tion of the virtual rotating reference frame relative to the real
reference frame. The two parameters iqs~ and yes~ have con-
stant positive values during the acceleration stage. The angu-
lar speed and angular position of the virtual rotating reference
frame are expressed over time as follows:

a)es* = 7 es*t (8)
ges’k = % j/es*t2 + aeso* (9)

Since there is no position feedback and the magnitude of the
electromagnetic torque can be changed, the electrical angle
difference between the real rotating reference frame and the
virtual rotating reference frame can exist. That difference is
defined as follows:
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Figure 1: SPMSM drive control block diagram.
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AG, =0, -6, (10)

Differentiating first and second order both sides (10) yields
the following equations:

d(A0) do,” do, ”
at dt  dt

d2(Ag) d%0 d,

atz  dt?  dt? (12)

Substituting (4), (7), (8), (9) into (11), (12), we can obtain:

dAg) .
A\ e — 13
dt wes e ( )
d?(Ae, « (@5pA,i,-T)p
((1'{2 ) =Ves — ﬂ}i]]q : (14)

m

Dynamical stability of the system can be achieved only if both
the first and second order differentials of Af. maintain or
oscillate around zero. However, the two variables Afe and iq
change depending on each other. To show the dynamic
stability condition, we first need to show the relationship
between these two variables. As shown in Figure 2 along with
the real and virtual rotating reference frames, the two stator
current components on the real rotating reference frame are
defined as follows:

. (15)
g =g

iy =iy Sin(A6,)
" cos(A8,)

Note that, since the electromagnetic torque of the PMSM
depends only on iq, the influence of the iq can be ignored. In
Figure 2, the two cases introduce equal current ig, or in other
words, introduce the same electromagnetic torque. However,
the influence of the virtual rotating reference frame in the case
of leading or lagging has different effects on the system. It is
worth mentioning that the system becomes unstable when
cos(Ad.) has a negative value, causing the two reference
frames to rotate in opposite directions.

w *

es,

l(gﬁ

PR
by

= == == p Virtual rotating reference frame

== == == P Real rotating reference frame

Figure 2: Leading virtual rotating reference frame (left) and lagging virtual
rotating reference frame (right).

3.1.1. Leading virtual rotating reference frame

At the starting time of the system, both the virtual rotating
reference frame and the real rotating reference frame are at
zero speed. The virtual rotating reference system has a

rotating speed that changes over time as (8), which takes place
instantaneously. The real rotating reference frame is not only
affected by the load torque and mechanical inertia but also by
the response speed of the current control loop. The rotation of
the real rotating reference frame does not take place immedi-
ately, and even reverses in cases of constant load torque.

The difference between the immediate rotation of the virtual
rotating reference frame and the slower rotation of the real ro-
tating reference frame gives the virtual rotating reference
frame the lead. Analyzing the increase of A6k in this case, the
magnitude of real current iy decreases as the virtual rotating
reference frame becomes more geometrically ahead as shown
in Figure 2 (left), leading to two possible situations. The first
situation, the electromagnetic process does not act in time, the
virtual reference frame rotates ahead at an angle greater than
90°. The generated electromagnetic torque has negative value,
the system falls into an unstable state due to the two reference
frame will be opposite each other. The second situation, the
electromagnetic process acts fast enough, the electromagnetic
torque generated is large enough so that the real rotating
reference frame can catch up and lead the virtual rotating
reference frame. Analyzing the dynamic characteristics based
on (14) and (15), the influence of the cosine component causes
the motor speed response to fluctuate, then it can be stable or
unstable depends on whether the initial angle error value is
small or large. On the other hand, the rapid impact of the
electromagnetic process creates a large electromagnetic
torque forcibly and changes over time, plus the cosine
component makes the amplitude of mechanical fluctuations
very large. This phenomenon has negative effects if
performed on practical applications, such as causing
cavitation in water pumps, vibrations on lifting cranes, etc.

In summary, the case of the virtual rotating reference frame
leading the real rotating reference frame has negative effects
or causes instability to the system, which must be avoided.
Condition in angle difference between the virtual rotating
reference frame and the real rotating reference frame at the
starting time is determined as follows:

A6,(0)<0 (16)

Condition (16) is not a prerequisite but is only meaningful for
optimizing the system startup process. A small positive value
of AGe(0) can still make the system approach stability but the
initial fluctuation is large as analyzed above. This is only the
upper limit of the condition, the lower limit will be shown in
the case of a lagging virtual rotating reference frame.

3.1.2. Lagging virtual rotating reference frame

Similar to the case of leading virtual rotating reference frame
regarding difference between the immediate rotation of the
real rotating reference frame and the slower rotation of the
virtual rotating reference frame. However, the system re-
sponse occurs differently in the case of a lagging virtual rotat-
ing reference frame. The rotation speed of the virtual rotating
reference frame is larger than the real rotating reference sys-
tem, resulting in the angle of Ad. being reduced. As depicted
in Figure 2 (right) and (15), the i value is covariated with Af.
in this case, the electromagnetic torque generated is larger,
causing the real rotating reference system to accelerate further.
The speed of the real rotating reference frame is greater than
that of the virtual rotating reference frame then, making the
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angle Ad. wider (more negative). The more negative the value
of A causes the electromagnetic torque to be decreased and
the real rotational reference frame acceleration to be de-
creased. Again, the angle of Aé. is decreased. A steady state
is established when the speeds and accelerations of the real
rotating reference frame and the virtual rotating reference
frame are equal. Compared to (13) and (14), both first and
second order differentials reach zero value as pointed out be-
fore. This oscillation is "softer” than in the case of the leading
virtual rotating reference frame. This phenomenon is called
self-stabilizing mechanism.

However, mathematically, the self-stabilizing mechanism
only occurs when the acceleration of the real rotating
reference system is greater than the acceleration of the virtual
rotating reference system at the initial time. This condition is
given to help that the speed of the real rotating reference frame
can be greater or equal to the speed of the virtual rotating ref-
erence frame and the virtual rotating reference frame is not
always lead. From this analysis combining (14) and (15) we
have the following condition:

s [1.5p/1miqs* COSAQ, (0)—TL] p
es J

m

a7

Because yes has a constant positive value, the right-hand side
of (17) must also be positive, combining (16) the condition on
the angle error between the virtual rotating reference frame
and the real rotating reference frame at the starting time is de-
termined as follows:

L <

as

It can be deduced from (17) and (18) that the electromagnetic
torque generated by igs" not only balances the load torque but
also creates acceleration for the starting process. The larger
the iqs~ value is set, the more the initial angle error range that
satisfies (18) is expanded, but is limited by the rated current
amplitude of the motor to ensure no overcurrent occurs in the
stator. The set acceleration of the virtual rotating reference
frame yes~ has a lower limit to ensure the startup time is quick.
The smaller the value of ye", the longer the starting time.
Furthermore, it increases the speed fluctuation of the
transmission system. The speed fluctuation amplitude is
described by the relative acceleration deviation and is defined
as follows:

(15 pﬂ‘miqs _TL.max) p *

J —Ves
S = i x100%

(15 pﬂmlqs _TL.max) p
‘]m

where Ti_max is the largest load torque during the startup stage.
The larger value of J, can cause larger oscillation at startup.
When choosing the two parameters iqs- and yes”, it is necessary
to ensure that condition (17) is satisfied and make 4, as small

as possible so that the initial fluctuations are small.

(19)

The acceleration characteristic as a ramp function of wes™ is
illustrated in Figure3, wes achieves the weso”™ at time to and is
kept constant for a short period of time. At time t;, the smooth
transition algorithm begins to be executed.

@, (1)

o >
t(»‘ II

Figure 3: Virtual rotating reference frame acceleration with I-f startup.
3.2. Smooth transition stage

When the motor rotates at a constant speed, the
electromagnetic torque is in balance with the load torque
according to (6). Since the value of igs" is set much larger than
ig so that the acceleration process is performed quickly,
according to (15) there exists a non-zero A6 after the end of
the acceleration period. The conversion from I-f mode to PI
mode will lead to a large peak current and torque pulse
because there is a large change in the Park transformation
related to the angular position. The purpose of the smooth
transition phase is to get A closer to zero before switching
to Pl mode.

_———pd

Figure 4: Virtual current vector moves closer to the q axis of the real rotat-
ing reference frame as the magnitude is reduced.

At steady state, the virtual rotating reference system always
lags behind the real rotating reference system. By decreasing
the set value of ig, Ad. can approach zero as illustrated in
Figure 4. Linear method of reducing iqs calculated according
to the ramp function is performed as follows:

N B T
Iqs (t)_lqsl( Tr j

where igs; " is the current value at time ti, Ty is the time coeffi-
cient for reducing the current to zero.

At speed weso”, the rotor angular position can already be esti-
mated with small errors, which means that the value of Ag.
can be determined. The Pl mode is switched when the condi-
tions (21) and (22) are satisfied.

(20)

AG, <g, (21)

i <& (22)
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The value g is chosen depending on the error of the estimation
stage and the time constant of the current control loop. Con-
dition (22) is an additional condition in the case of light load,
the current has decreased to zero but (21) has not been satis-
fied, the value &; is chosen to avoid the current from continu-
ing to decrease to negative. Finally, the integral component of
the PI speed controller needs to be initialized to the appropri-
ate value. If not initialized at the time of switching, the applied
current will be suddenly reduced. The initial value of integral
component is set as iqs"(t3), where t; is the time when the mode
switching conditions are satisfied.

3.3. I-f starting method summary

The I-f startup method can be summarized as follows:

Step 1: Select parameters that satisfy conditions (17) and (18)
and then start the system.

Step 2. Keep the virtual rotating reference frame rotation
speed value constant for a short time when the required speed
threshold is reached.

Step 3: Reduce the set current until conditions (21) or (22) are
satisfied.

Step 4: Initialize the integral component of speed controller
and then switch from I-f mode to Pl mode.

4. Simulation

4.1. Simulation parameter

The simulation was performed on Matlab-Simulink to verify
the algorithms presented in section 3. The PMSM specifica-
tion are given in Table 1. Conditions to be investigated in-
clude angular acceleration conditions in section 4.2 and initial
angle error in section 4.3, simulation results of smooth transi-
tion algorithm between I-f mode and Pl mode are also given
in section 4.4.

To have a basis for evaluating practical applicability, the me-
chanical characteristics of industrial fan loads are used in the
simulation. This fan has the following equivalent load charac-
teristics as follows:

T, =T, +k o (23)

where, Tiois the initial load torque, k. is the load factor which
proportional to the square of the speed. With the motor pa-
rameters in Table 1, the load characteristics are selected: Tio
is 4.8 Nm, k. is 0.001.

For the purpose of accelerating the motor to 35% of the rated
speed, the load torque at this speed is 6.1 Nm, equivalent to
38% of the motor rated torque. The current applied to the cur-
rent controller must be 40% or more of the rated current, cor-
responding to a current igs” value of 3.5 A.

Table 1: PMSM specification

SPMSM
Rated power 2 kw Stator reistance 0.9585 Q
Rated current 10A Stator inductance 0.0053 H
Rated speed 1000 rpm  Rated flux linkage 0.1827 Wb
Rated DC voltage 300 V Moment of inertia 0.0046 kgm?
Rated Torque 16 Nm Pole pairs 6

4.2. Angular acceleration condition verification

In this section, conditions (17) and (19) are verified and eval-
uated. Three main cases can be occured when choosing the
angular acceleration parameter for the virtual rotating refer-
ence frame ye"and the applied current iqs for the system re-
sponse: the acceleration process is smooth, the oscillation oc-
curs in acceleration process, and the acceleration process be-
comes unstable.

30

— - Reference speed [rad/s)
— Actual speed (rad/s)

20

- . Reference speed [radfs)
= Actual speed [rad/s)

— - Reference speed [rad/s)
— Actual speed {rad/s)

.. 0 0.1 02 me 0.3 0.4 0.5

Figure5: Waveforms of speed w, (rad/s) with various values of angular ac-
celeration: @) yes” = 3300 rad/s?; b) yes” = 550 rad/s?; c) yes” = 4400 rad/s?

Choosing igs™ of 4 A, set the initial angle error Aé. to 0°, from
(17), condition yes” < 3368 rad/s? is obtained. The results of
the motor speed response in the simulation are given in Figure
5, from top to bottom, respectively, in three cases where the
set acceleration for the virtual rotating reference system has
the following values: a) yes* = 3300 rad /s?; b) yes* = 550 rad/s?;
7es = 4400 rad/s?. The speed setting for the motor rotor is ac-
celerated and kept constant at 35% of the rated speed, corre-
sponding to a value of 36.65 rad/s.

In the case yes” = 3300 rad/s?, close to the upper limit of the
angular acceleration condition, the speed response almost fol-
lows the reference one. In case yes~ = 550 rad/s?, the speed re-
sponse has large initial fluctuations, but then still follows the
reference one. In the case yes” = 4400 rad/s?, the acceleration
process is unstable, the speed response cannot follow the ref-
erence one.

4.3. Initial angle error condition verification

In this case the initial position of the rotor is not known so
there is an initial angle error between the virtual rotating ref-
erence frame and the real rotating reference frame that asso-
ciated with the rotor flux vector. To clarify the influence in
this case, the initial angle error condition (18) is included in
the simulation for observation, evaluation, and verification.
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It is noted from Figure 6 that Ad.(0) = 10° corresponding to
leading virtual rotating reference frame can cause the system
to be unstable. In contrast, the acceleration process of virtual
rotating reference frame can be stable with Af(0) = -10° and
AG:(0) = -60°. However, if the requirement of A&(0) in (18)
is not met, that acceleration process becomes unstable, e.g.,
AGe(0) = -75°.

30- e S .

- Reference specd (rad/sh
— Actual speed {radfs)

= - Reference speed (rad/s)
— Actual speed {1adfs}

— - Reference speed {radfs)
— Actual speed (rad/s)

30 o [= = Reference speed (rad/s)
- o Actual speed (radfs)

0 0.05

0.1 Time 0.15 0.2

Figure 6: Waveforms of speed «w; (rad/s) with various values of initial angle
error: a) AGe(0) = 10°% b) Ad(0) = -10% c) Ad(0) = -60% d) AGe(0) = -75°

4.4. Smooth transition algorithm verification

The current response id and iq according to the real rotating
reference frame without smooth switching algorithm is given
in Figure 7. When suddenly switching from 1-f mode to PI
mode at t = 0.25s, the id current peaks at -17 A and the iq
current peaks at 20 A. If this phenomenon occurs in the real
system, the converter switches may be immediately damaged.

|— currentrespense i, (4)

10

0
-10
-20 4 |

20 = Currentresponse /, (&)

10

0
0 0.5 Time 1 1.5

Figure7: Current response iq (A) and iq (A) in real rotating reference frame
without smooth transition algorithm.

Figure 8 shows the current response results when the smooth
transition algorithm is performed starting fromt =0.25 s. Ac-
cording to (20), the applied current iq" is reduced according
to the ramp function with T, = 0.8, but as shown in Figure8,
the current iy does not decrease but only the current ig de-
creases linearly. This can be explained according to (15), igs"
is decomposed into two components, the current iq to generate
torque balanced with the load torque should have a constant
value and only the current iq decreases. After t = 0.7s, when
condition (21) is satisfied, Pl mode is switched, the large peak
current pulse does not appear, no overcurrent occurs.

= currentresponse iy (A) ]

10 I
0 r“ N‘-\/
-10- ' |
20
% . — Current response i, (A)
10 —
S
0 0.5 Time 1 18

Figure 8: Current response iq (A) and iq (A) in real rotating reference frame
with smooth transition algorithm.
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Figure 9: Angle error (unit °) between virtual rotating reference frame and
real rotating reference frame during both acceleration, smooth transition, and
Pl mode.
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Figure 10: Waveform of motor speed w, (rad/s) in both acceleration, smooth
transition and PI mode.

The simulation results of the angle error between the virtual
and real rotating reference frames are shown in Figure 9, and
waveform of the speed response is illustrated in Figure 10.
During the smooth transition stage, the angle error is gradu-
ally reduced to zero, the motor rotation speed is almost con-
stant. When switching modes, the motor speed changes
smoothly.
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5. Conclusion

The angular acceleration condition of the virtual rotating ref-
erence system has been analyzed and verified by simulation.
The angular acceleration of the virtual rotating reference
frame which is chosen too small will cause oscillations or if it
is chosen too large, the system will become unstable. Besides,
the influence of the different positions of the virtual rotating
reference frame compared to the real rotating reference frame
at the time of startup is also clarified. Therefore, it is necessary
to ensure that virtual rotating reference frame lags the real one,
and angle error between them is sufficiently small when the
initial load torque is large. The PMSM drive system can reach
a self-stabilizing state if the pre-specified conditions of angu-
lar acceleration of the virtual rotating reference frame and in-
itial angle error in the acceleration stage are satisfied. The
smooth transition stage is added to overcome the difficulty of
peak current pusle when switching from I-f mode to Pl mode
caused by angle error between the two rotating reference
frames. The algorithm that reduces the virtual current refer-
ence using ramp function a simple but effective, causing the
phase difference between two rotating reference frames to ap-
proach zero value. The I-f starting method has shown its abil-
ity to overcome the difficulty of rotor position estimation at
low-speed regions in theory, and it has great potential for em-
ployment in practical applications, especially low-cost appli-
cations that speed sensor is not included.
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