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Abstract

This paper introduces an innovative method for achieving stability of the highly nonlinear and unstable double inverted pendulum using a
combination of linear matrix inequality (LMI) techniques and sliding mode control (SMC). Sliding mode control is a widely used technique
for stabilizing the highly unstable and nonlinear double inverted pendulum system. The LMI-based approach is well-suited for handling
system uncertainties and constraints, making it a potent tool for robust control design. Compared to other nonlinear control methods, the LMI
approach is more computationally efficient and simpler to implement. The controller proposed in this study is evaluated alongside the Linear
Quadratic Regulator (LQR) controller to demonstrate its superior performance. The simulation results obtained through the proposed controller
demonstrate its effectiveness in stabilizing the double inverted pendulum.
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Abbreviations

SMC  Sliding Mode Control
LMI  Linear Matrix Inequality
LQR Linear Quadratic Regulator

1. Introduction

The double inverted pendulum is a highly unstable and nonlin-
ear system that is widely used in research to study the dynamics
and control of complex systems [1], [2], [3]. Comprising two
pendulums connected by a hinge, the motion of the first pen-
dulum influences the motion of the second pendulum. Due to
its highly sensitive nature, the double inverted pendulum is a
challenging system to control using conventional linear control
methods. Nevertheless, it presents an ideal tested for developing
and evaluating advanced control algorithms. The double in-
verted pendulum has numerous applications in various fields,
such as aerospace, robotics, and industrial automation. It is
used in aerospace to analyze the dynamics of flight control
systems, while in robotics, it is used to develop sophisticated
control algorithms for multi-jointed robotic arms and legs.
The double inverted pendulum is also utilized in industrial au-
tomation to evaluate and create control algorithms for complex
manufacturing processes. It is a significant and versatile system
that has extensive applications in both research and industry.

Controlling a double inverted pendulum is a complex task,
given its nonlinear and unstable nature. To stabilize this system,
researchers have explored various control methods. One of the

widely-used control techniques for double inverted pendulum
stabilization is sliding mode control (SMC) [4] , [5], [6]. This
method involves designing a sliding surface that guides the
system to a desired state. The control signal is then formulated
to ensure the system stays on the sliding surface, ensuring
robustness against external disturbances and modeling errors.
Another popular method is the Linear Quadratic Regulator
(LQR) control algorithm, which is a classical linear control
method based on a quadratic cost function [7] , [8], [9]. This
technique determines the optimal control action by minimizing
the cost function, which is a weighted sum of the system state
error and the control input. While LQR control is limited to
linear systems, it provides a straightforward means of designing
a feedback control system that stabilizes the double inverted
pendulum. Recently, researchers have combined SMC with
linear matrix inequality (LMI) control methods for controlling
an nonlinear system [10] or wind-energy conversion system
[11]. Recognizing the merits and feasibility of applying the
combined approach of sliding mode control and linear matrix
inequality to systems characterized by high nonlinearity, we
have implemented this methodology for stable control of the
double inverted pendulum.

This paper focuses on the effectiveness of a combined slid-
ing controller and linear matrix inequality (LMI) approach for
stabilizing the double inverted pendulum. LMI is a valuable
technique for designing controllers in nonlinear systems like
the inverted pendulum, as it enables the formulation of control
design problems as convex optimization problems. The LMI-
based approach is well-suited to handle system uncertainties
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and constraints commonly encountered in practical systems,
providing robust stability and performance guarantees even in
the presence of model uncertainties and disturbances. More-
over, the LMI approach allows for the design of controllers with
specific performance criteria, such as minimizing control effort
or settling time. In comparison to alternative nonlinear control
methods like adaptive control or fuzzy logic control [12],[13],
the LMI approach is computationally efficient and relatively
simple to implement. This advantage stems from solving a
set of linear matrix inequalities, which can be efficiently ad-
dressed using existing numerical optimization tools. The LMI
approach offers computational efficiency by consolidating mul-
tiple conditions into a single linear matrix inequality, reducing
computational complexity. This simplification enables efficient
representation and manipulation of the control design problem.
Additionally, the LMI approach leverages existing tools like
MATLAB or the Yalmip toolbox, which provide dedicated
functionalities for converting mechanical conditions into linear
matrix inequalities. The paper aims to demonstrate the supe-
rior performance of the proposed controller for stabilizing the
double inverted pendulum by conducting a thorough analysis
and comparing the results with those obtained using the LQR
controller.

The upcoming sections of the paper will cover various aspects
of the proposed control strategy for the inverted pendulum.
The second part will introduce the model of the double in-
verted pendulum, while the third section will discuss the LQR
controller. The fourth section will elaborate on the proposed
sliding mode controller combined with linear matrix inequality
theory. The fifth section will present the simulation results ob-
tained through the proposed controller. Lastly, the conclusion
will summarize the findings and contributions of the paper.

2. Double inverted pendulum Modeling

The double inverted pendulum is a mechanical system consist-
ing of two pendulums connected in series, where each pen-
dulum is free to rotate about its pivot point, see Figure 1. In
this system, 0; and 6, represent the deflections of the first and
second pendulums from the vertical, respectively. Meanwhile,
y represents the displacement of the cart. The parameters of
the double inverted pendulum include the lengths of the pen-
dulums, denoted as L; and L,, which determine the distance
from the pivot points to the respective masses. The masses of
the pendulums, represented as m; and mj, signify the amount
of mass concentrated at each pendulum’s center of mass. The
moment of inertia of each pendulum, denoted as J; and J>,
characterizes the distribution of mass and shape of the pen-
dulum. In the double inverted pendulum on a cart model, the
calculation of energy involves considering the kinetic energy of
the cart and two pendulums, as well as the potential energy due
to the height of the pendulums. The system modeling process
has also been detailed in [14].

The kinetic energy of the cart is expressed as follows:

1 5

Ty = smoy
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The kinetic energy of the first pendulum:
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Figure 1. Double inverted pendulum.

The kinetic energy of the second pendulum:
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The expression for the total kinetic energy is as follows:
T= TO +T + T27
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The potential energy of the cart:
V=0 (5)
The potential energy of the first pendulum:
Vi =miglicos6, (6)
The potential energy of the second pendulum:
Vo = mpg (LicosB) + cosH,) @)
The total potential energy is calculated as follows:
V = (mily + myLy) gcosB) +malrgcos6, )

The expression for the Lagrange function is given as follows:
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By taking the derivative of the Lagrange function, we obtain
the dynamic equations:

u= (m0+m1—l—mz)ji—i—(mlll+m2L1)9"1cos61+ (10)
maly 6,050, — (myly +myLy) 912sin91 - mzlzézzsinez
0= (mlllz—l—mzL%—l—Jl) 9.1+(mlll+MQL1)ijOS91+ (11)

myLilcos (61 — 6,) 62 +myLlrsin (6 — 6;) 922—
(mily +myLy) gsin®,

0= (mﬂ% -l-]z) 92 +mplyycosOr +myLilhcos (0) — 62) 9"1
(12)

—mpLibpsin (6 — 6;) 912 —mplrgsin6,
Note that:

ap = mo-+mj +ny

ar =mly+myLy

ay = mlllz +m2L% +J;
a3z — m212

as =molqln

as = mﬂ% +J

The dynamic equation can be rewritten as follows:

u=apy—+a 61cos0, + az6,cos6,— (13)
al 912sin91 —as 922sin92
0 = a;jcosO) +a»0) +as6rcos (8; — 6) + (14)
a4922sin (61 — 6,) —aygsind;
0 = azjicosO +as B cos (0; — 6) +asbr— (15)

assin(6) — 6) 912 — azgsind,
3. LQR Control

This section focuses on the application of LQR control tech-
nique for stabilizing the double inverted pendulum system.
LQR control is a widely used optimal control strategy that aims
to minimize a quadratic cost function while ensuring system
stability. We set the variables as follows: x; = y,x; = y,x3 =
01,x4 = 6, X5 = 0y,x6 = 6,. The system is linearized around
the operating point x = 0 to obtain a linearized equation.

X =Ax+Bu (16)
with x = (xl, X3, X3, X4, Xs, x6)T.
0 1 0 0 0 0
If () If(y) If () If(y) If () If(y)
dxy dxy dx3 dxy dxs dxg
0 0 0 1 0 0
A= 0f6) of(6) If(6) If(6) If(6) If(6)
dxy dxy dx3 dxy dxs dxg
0 0 0 0 0 1
9f(6)) 9f(6:) Af(6) 9f(6) If(6) If(6r)

dxy dxy dx3 x4 dxs dxg

oy
— O
<
=

o
I
&
= ©OF

Q,:
oY

£(6,
du

By substituting the operating point x = 0, we obtain the fol-
lowing matrix:

N2

0 1 0 O 0 0 0
0 0 -63 0 0 0 1.073
A 00 0 1 0 0f. B— 0
“ {0 0 70 0 -89091 O] 7 | —3.896
00 0 O 0 1 0
0 0 —49 0 41.0808 0 0.5051
The control equation is expressed as follows:
u* = —Kx 17
We have:
J= / (" Qx+ u” Ru)dt (18)
0

with Q=07 >0,R=R" > 0.

The objective is to identify the matrix K that minimizes the loss
function J. The optimal matrix K, obtained from the Riccati
equation, takes the following form:

K=R'B'P (19)
Consequently, the control signal u will be of the form:
u=—Kx=—R 'B"Px, (20)

where K = lgr(A, B, Q,R). The matrix P is the solution to the
Riccati algebraic equation.

PA+ATP+Q—PBR'B'P=0.

4. Sliding mode control based LMI

1)

In this section, we explore the application of sliding mode con-
trol and linear inequality matrix techniques for controlling the
double inverted pendulum system. Sliding mode control is a
robust control approach known for its ability to handle uncer-
tainties and disturbances in dynamic systems. Additionally, we
incorporate a linear inequality matrix to impose constraints
which can stay within predefined bounds. The combined use
of sliding mode control and linear inequality matrix provides
a promising approach for addressing the control challenges
associated with the double inverted pendulum system, and we
investigate its effectiveness and performance in this section.

The equation (16) is rewritten in the presence of disturbance:
x(t) =Ax(t) +B(u+ f(1)) (22)

with | f(¢)| < 8¢, and &y is a positive constant. The choice of

the sliding variable s is determined by the following equation:
s=B"Px, (23)

where P is positive definite matrix with dimensions 6 x 6. The
control signal is expressed in the following form:

u(t) = teg + Up, (24)
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where u,, = — (BT PB) "' BT PAx(t),
up = —(B"PB)~'(|B" PB| 8/ + &))sgn(s) and & > 0.
The Lyapunov function is selected in the following manner:

1
V=5

> (25)

§ =BT Pi(t) = BTP(Ax(t) + B(u+ f(1)))
= BT PAx(t) + B" PBu+ B PBf (1)
= BT PAx(t) + B" PB(— (BT PB) "' BT PAx(r)
— (B"PB)"(|B" PB| 5/ + €0)sgn(s)) + B" PBf(t)
= —(|B"PB| 87 + &0)sgn(s) + B PBf(t).

Then:

V =ss = —(|B"PB|&; + ) |s| + BTPBf(t) < —&|s|. The
controller is designed as follows to determine the symmet-
ric matrix P:

u(t) = —Kx+v(r), (26)
with v(t) = Kx+ tteq + tty.

There exists a matrix K such that A = A — BK is stable, leading
to the following expression:
x(t) = Ax(t) + B(v+ f(1)), @7)
where K represents a 1 x 6 vector.

The selection of the Lyapunov function is as follows:
V = xT Px, (28)
Then:

V = 2xTPi = 2xTP(Ax(t) + B(v + f(t))) = 2xT PAx(t) +
2T PB(v+ £(1)).

When t > 1y, it exists s = BT Px(t) = 0, or sT =x" PB =0, we
obtain:

V =2xT PAx = xT (PA+ AT P)x = 2x" Mx.

For V < 0,M < 0, we have: PA+ATP <0

As the matrix A is Hurwitz, it is feasible to fulfill the condition

Table 1. Parameter table of the double inverted pendulum system.

Symbol Notation Value | Unit
mo Mass of the cart 0.8 kg
mi Mass of the first pendulum 0.5 kg
my Mass of the second pendulum 0.3 kg
L Length of the first pendulum 0.3 m
L Length of the second pendulum | 0.2 m

Distance to center of gravity
h of first pendulum 0.15 "
Distance to center of gravity
b of second pendulum 0.1 "
The moment of inertia 2
N of the first pendulum 0.006 | kg
The moment of inertia 2
& of the second pendulum 0.006 | kg
g Gravity acceleration 9.8 m/s?

5. Simulation results

In this section, we present the simulation results obtained from
applying sliding mode control based on LMI and LQR control
techniques to the control of the double inverted pendulum sys-
tem. The performance of both control strategies is evaluated
and compared in terms of stability for showing the effective-
ness of the proposed control approaches. Initial conditions for
the state variables are chosen as y = 0.1(m), 6; = 6, = {5 and
y = 6; = 6, = 0. The presented below is a table containing the
parameter values of the double inverted pendulum model, see
Table 1 [14]. The matrix Q and R are selected as follows:
Q=diag(l 1 10 100 10 100),R=1.

The utilization of LMI aims to obtain a positive definite ma-
trix. Unlike the conventional sliding controller that requires
adjusting sliding surface parameters accordingly, the use of
LMI enables a more straightforward and convenient approach
by directly specifying the matrix. This methodology stream-
lines the process of determining the sliding surface, making it
easier to implement and allowing for greater convenience in
control design. We obtain:

K:[l 3.0595 —188.6554 —9.2430 213.9421 35.1107]

PA+ATP < 0. By multiplying the aforementioned inequality ~ 2nd
by P!, we obtain: pP=
0.0336  0.0310 —0.1406 0.0078 0.3251  0.0673
AP '+ P 1AT <0 0.0310  0.0885 —0.3796 0.0225 0.7425  0.1724
—0.1406 —0.3796 6.2744 0.0351 —8.7704 —1.2776
We denote X = P! 0.0078  0.0225  0.0351 0.0224 0.0347  0.0183
0.3251  0.7425 —8.7704 0.0347 13.7654 2.2191
AX +XAT <0 0.0673  0.1724 —1.2776 0.0183 2.2191  0.5075

The efficiency of the two controllers is illustrated in Figure
2, where they effectively bring the cart from an initial po-
sition of y = 0.1 to zero within approximately 10 seconds.
Notably, when employing the SMC-based LMI controller, the
oscillation range of the cart is reduced compared to the LQR
controller, measuring 1.4m versus 2m, respectively. This obser-
vation highlights the superior performance of the SMC-based

(A—BK)X +X(A—BK)" <0
Note that L = KX ,we have:

AX —BL+XAT —LTBT <0 (29)

To ensure that P is a symmetric matrix in the Linear Matrix
Inequality (LMI), we design:

P=Plor x=x" (30)

LMI controller in terms of minimizing oscillations and achiev-
ing smoother control of the vehicle’s position.

A noticeable distinction between the two controllers is evident
in the angular response of the pendulums. Figures 3 and 4
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YIQR = = *YSMC—based LMI

Il Il Il Il Il
0 5 10 15 20 25 30
Time (s)

Figure 2. Distance of the cart y.

demonstrate that both controllers successfully bring the pen-
dulums to equilibrium from the same initial angle of T"Z(rad).
While the oscillation amplitudes of the angles are larger when
utilizing the SMC-based LMI controller compared to LQR,
the time taken to reach the desired position is nearly twice as
fast (5 seconds versus 9 seconds). This analysis leads to the
conclusion that the SMC-based LMI controller offers superior
control efficiency in comparison to LQR, despite the slightly
larger oscillations in the angular response.

— O r = = 01 SMC—bascd LMT -

8, (rad)

Il 1 Il Il Il
0 5 10 15 20 25 30
Time (s)

Figure 3. The angle position of first pendulum 6;.

Figure 5 illustrates the control signal. The obtained results
indicate that both the LQR control method and the SMC-
based LMI method achieve effective stabilization of the double
inverted pendulum. However, the SMC-based LMI method
demonstrates a shorter pendulum stabilization time compared
to the alternative method.

In order to assess the effectiveness of the two controllers, a dis-
turbance component d = 0.3sin(¢) has been introduced to the
control signal. The simulation results depicted in Figures 6, 7,
8, and 9 demonstrate that despite the presence of disturbances,
both controllers are capable of bringing the state variables close
to the equilibrium point. While there is still observable oscilla-
tion of the state variables around the equilibrium position, it
is noteworthy that values such as the maximum deviation of
the vehicle’s position or angle remain similar to those observed
in the absence of disturbances. Remarkably, the SMC-based
LMI controller exhibits superiority in this scenario, as evi-

——fhigr = — P2SMCbascd LMT

2 (rad)

Il Il Il Il
0 5 10 15 20 25 30
Time (s)

Figure 4. The angle position of second pendulum 6,.

T T
= il

———ULQR = = *USNC—based LMT

u(N)

8 i I I i i |
0 5 10 15 20 25 30
Time (s)

Figure 5. The control signal.

YIQR = = *YSMC—based LMI

o

Figure 6. Distance of the cart y with disturbance.

denced by a smaller response time and reduced oscillation
amplitude around the equilibrium point when compared to the
LQR controller.

In order to gain a more comprehensive understanding of the
enhancements in system performance achieved through the
utilization of the SMC-based LMI controller in comparison
to the LQR controller, we examine the performance index
computed using equation (31):
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Figure 7. The angle position of first pendulum 6; with disturbance.

£
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Figure 8. The angle position of second pendulum 6, with disturbance.
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Figure 9. The control signal with disturbance.

. Ismc
Tlmeperf()rmance = 1‘7 x 100%

LOR

(€29}

where tsyc and t; or are the settling times when using SMC-
based LMI and LQR controllers, respectively. Table 2 presents
the performance values of y, 6; and 6.

When the system is subject to disturbance, the settling time
value becomes unsuitable for comparison. Instead, the oscilla-
tion amplitude values of the state variables will be taken into

Table 2. Comparison in terms of settling time between two controllers.

0,
50.87%

y 01
100% | 49.28%

Timeperfomance

Table 3. Comparison in terms of oscillation amplitudes between two
controllers.

0 0,
67.26% | 67.27%

Y
Amplitude perfomance | 65.70%

consideration. Observing the relatively stable oscillation of the
state variables around the equilibrium position between 10s
and 20s, the amplitude values within this time period will be
evaluated. The performance is calculated using equation (32).

Asmc

Amplitudeperformance = x 100%
AR

(32)

where Agyc and Azgr are the oscillation amplitudes when
using SMC-based LMI and LQR controllers, respectively. The
performance values of y, 6; and 6, are shown in Table 3.

6. Conclusion

In conclusion, this paper proposed a approach for stabilizing the
highly nonlinear and unstable double inverted pendulum using
a combination of sliding mode control and linear matrix in-
equality techniques. The SMC-based LMI controller exhibited
superior performance compared to the linear quadratic regula-
tor controller. The simulation results confirmed the effective-
ness of the proposed controller, showcasing improved stability
and achieving faster pendulum stabilization. The LMI-based
approach offered computational efficiency and simplicity in
implementation, making it a practical choice for real-world
applications. Future research directions may include exploring
adaptive control techniques and advanced optimization algo-
rithms to further enhance control performance. The presented
approach opens up new possibilities for controlling highly non-
linear and unstable systems, expanding their practical utility.
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Abstract

This paper presents a new method to estimate online four parameters of the interior permanent magnet synchronous motors (IPMSM),
including stator resistance, d- axis inductance, g-axis inductance and permanent magnet flux linkage. The proposed method is based on the
neural network with the training data taken from experiments, which were preprocessed before feeding to the input of the neural network
model. The proposed online parameters estimation method is evaluated by comparing the estimation accuracy and the updating time with
other conventional online methods, such as Extended Kalman Filter, Recursive Least Square and the Adaline Neural Network. Extensive
numerical simulations have been conducted to verify the effectiveness and the accuracy of the proposed method.

Keywords: IPMSM, Online Parameter Identification, Neural Network, Kalman Filter, Recursive Least Square

Symbols 1. Introduction
Symbols Units Description Due to high power density and efficiency, Interior
P Wb Rotor flux linkage Permanent Magnet Synchronous Motors (IPMSMs) find
R Q Stator resistance various applications such as in wind generator, CNC
La, Lg H d and q stator inductance machine and electric/ hybrid electric vehicles (EV/HEV)
ig, iq A d and  stator current [1]. Identifying machine parameters is significant in control
Va, Vg Vi d and g stator voltage strategies, for example, in field-oriented control (FOC),
o Rad/s Electrical angular speed of direct torque cont_rol (DTC) and n_10de| p_redlctlve control
the rotor (MPC). Determining parameters is required to ensure a

stable system while improving its efficiency and dynamic
response. Especially, in vector-control methods, the
parameters of a Pl controller, which affects the control
performance of the IPMSM drive system, are determined

Abbreviations

IPMSM  Interior Permanent Magnet Synchronous using the IPMSM parameters [2]. As a result, the more
Machines accurate IPMSM parameters identified, the better control

RLS Recursive Least Square over the drive system can be achieved. In addition to that,
EKF Extended Kalman Filter as the IPMSM is associated with potential issues such as
ANN Adaline Neural Network demagnetization due to temperature rise or inter-turn short
FOC Field Oriented Control circuit (ITSC) in stator windings, condition monitoring is
DTC Direct Torque Control necessary to ensure the safe and correct operation of the
MPC Model Predictive Control IPMSM, which can be done by tracking the IPMSM

parameters. For example, in [3], a technique was proposed
to estimate the stator resistance and flux linkage to online
monitor the working conditions of rotor permanent magnet
(PM) and stator winding. In general, there are two types of
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parameter identification, which are online and offline
techniques to be reviewed as follows.

Regarding offline techniques, the input/output data need to
be collected first, then from which the IPMSM parameters
can be estimated when the IPMSM is not connected with a
load or at standstill state. The finite element analysis (FEA)
is the offline technique, which requires the details of
IPMSM design, structural and geometric information to
calculate its parameters [4]. FEA can capture the effects of
mutual inductances and the change in magnetic flux due to
magnetic saturation [5]. However, if the required
information is not acquirable, FEA cannot be implemented.
Another offline technique is Standard Standstill Frequency
Response test (SSFR test), in which the test signals driven
by Voltage Source Inverter (VSI) are injected into the
IPMSM. SSFR test can give high accurate identified
parameters but measuring instruments are required [6]. The
downside of SSFR test also stems from the fact that its
identified parameters are distorted by VSI nonlinearities. At
standstill state, the step DC voltage excitation tests can be
used to identify apparent inductance without accurately
capture the magnetic saturation effect [7]. Meanwhile, in
dg-axis square voltage excitation tests [8], more parameters
can be estimated such as stator resistance, rotor flux linkage
and initial rotor position, but magnetic saturation effect is
not considered, still. The technique in [9] can account for
the effects of self-and-cross magnetic saturation, which can
identify flux linkages from the measured dg-axis currents at
constant rotor speed. Afterwards, by taking the partial
derivatives of dg-axis flux linkages over currents, the
incremental inductances can be found. In general, offline
techniques cannot identify the flux linkage and resistance,
which vary with time during the real-time operation of
IPMSM; therefore, they cannot be used for online IPMSM
parameter tracking.

Meanwhile, an online technique refers to estimating
parameters during the operation of the IPMSM, which are
updated in real-time given new input/output data. During
the operation of the IPMSM, the temperature will increase,
resulting in the increase in stator resistance and the decrease
in flux linkage, accordingly. Therefore, by knowing these
real-time dependent parameters, the thermal states of the
IPMSM can be monitored [10], [11], which, in turn, serves
diagnosis purposes related to the damage of winding
insulation and demagnetization. Online parameter
identification includes observer-based techniques, such as
in [12] in which a method for bearing fault diagnosis is
proposed with the peak energy spectrum introduced into the
flux linkage observer. Further, in [13], an interturn short
circuit fault detection is proposed based on residual current
vector (RCV), which is generated by the difference between
the measured stator currents and the estimated stator
currents from a state observer. On the other hand, many
sensorless identification techniques have been proposed to
overcome the limitation of mechanical sensors and their
costs involved in the implementation of the drive system.
Due to the advance in high-performance computing
technology, Al-based techniques have been employed to
monitor the thermal states of winding and PM as in [14],
which uses neural network (NN) for identification. In
addition to NN algorithms, extended Kalman Filter (EKF),
model reference adaptive system (MRAS) and recursive
least square (RLS) are usually used to design parameter
estimators. In [15], a technique based on EKF is proposed

to estimate winding resistance and rotor flux linkage, and
the results show that it is not stable and subject to noise.
RLS techniques utilizes the injection of square wave current
signal [16] or sinusoidal current signals [17] to solve the
rank deficiency problems when estimating four parameters
with only two available equations. The disadvantages of
these methods are that the injected current signals produce
the current and torque ripples and that estimation accuracy
is low due to the non-linearity of the power converters. The
other weakness of these methods is the slow update
capability during the nature of recursive algorithm. Results
in [18] show that MRAS, which identifies stator resistance
and rotor flux linkage, is sensitive to disturbances. Further,
it is also time-consuming to fine-tune the parameters of its
adaptive mechanism.

This paper proposes a solution to estimate four IPMSM
parameters, including dg-axis inductances, rotor flux and
stator winding resistance, based on Artificial Neural
Network method. The main novelty of the proposed method
is that four neural network models were trained to estimate
four different parameters and that the subsequent estimation
of g-axis inductance, stator resistance and d-axis
inductance, rotor flux linkages result in the improvement of
the estimation accuracy and fast updating capability.
Furthermore, the input of every neural network model was
proposed to be the function of the measured variables,
which significantly affect the variation of the specific
estimated parameter. As a result, the training time and the
computation burden of the estimator can be reduced. In
addition, an IPMSM drive system implemented in
MATLAB/Simulink is used to compare and evaluate the
proposed solution together with EFK, RLS and Adaline
NN. The rest of this paper is arranged as follow. The next
section outlines mathematical expressions related to the
IPMSM model, three mentioned estimation techniques as
well as the proposed solution. The third section presents the
simulation setup and results with discussion to highlight the
superiority of the proposed solution over the other
techniques. Finally, the conclusion is presented in the fourth
section.

2. Online parameters identification methods

2.1. IPMSM model

Assuming that the cross-coupling effect is negligible, the
dg-axis equations of the PMSM are given by:

diyz R +Lq . +ud 1
dr LT, YT, (1)
dig R Ly = us Yn

E= —L—lq—L—wld +L——L—a) (1b)

q q q q
where ig, ig, ug and u, are the dg-axis stator currents and

voltages, respectively. w denotes the electrical angular
speed. R, Ly, Ly and s, are the stator resistance, g-axis
inductance, d-axis inductance, and rotor flux linkage,
respectively. In this paper, before estimation, low-pass
filters (LPFs) will be applied to measured data, which
include ig, iy, uq, u, and w. After filtering, the steady-state
IPMSM model will be discretized as:

ug(k) = R(Kk)ig(k) — Lq(k)w(k)iq (k) (2a)
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uq(k) = R(k)iq(k) + La(k)w(k)iq (k)
+ Y (k) w (k) (2b)

2.2. Recursive Least Square method

The mathematical model of a RLS algorithm is:
Vi = Ppx 3

where x is the unknown parameters to be estimated, &, and
v, denote the input and output of the system, respectively.
The update rule for RLS is:

Rr1 = R + Grga [Vier1 — Phya Xl
Grr1 = Pe®fyr [IA + Pf 1 PePpyr] ™ 4)
Pepr =P — Gk+1q’£+1pk)//1

where [ is the identity matrix; A is the forgetting factor; G,
and P, the gain and covariance matrices, respectively.

The RLS algorithm can be implemented to estimate dg-axis
inductance, the corresponding model will be:

L 1 —wk)ig(k) 0
x= [LZ]’(D_[ o w(k)id(k)] ®)

[, - Ria® ©
Y= lug = Rig(k) — (k)

2.3. Extended Kalman Filter

The EKF algorithm is an extended version of Kalman Filter,
which deals with non-linear problem. The system model for
EKF is expressed as:

X1 = Fie Qe ug) + wy
Y = H(xp) + vy (7

Inwhich x, = [ia iy D1 D2]7 isthe state vector, where
p. and p, are two arbitrary machine parameters. y, =
[iq ig]" is the system output. w =[uy w)] is the
control input. wy, (System noise) and v, (measurement
noise) are zero-mean white Gaussian noises with covariance
matrices Q and R, respectively. F, (x,u,) and H(xy)
denote the prediction and transformation functions,
respectively. Further, the discrete system function F, is
show in (8). The EKF recursively finds the optimal state
estimate %, as the mean of the normal distribution
represented by the covariance matrix Py .

. R L . u

iq g (1 - ZTS) + ﬁwlqykTs + L_ZTS
. R L . u [}

F = |iqk (1 _ETS) —i(ulde +iTS —L—;"TS 8

P1

b2
The EKF starts with predicting the new state vector given

the previous estimation consisting of X,_;_; Wwith
Py _1jk-1 and wy_;.
2k|k—1 = Fk(fk—uk—p uk—l)
Pyje—1 = Fie—1Pe—qjie—1Fi—1 + Q €))

OF 1 (Xp—11 k-1 Uk—
where F,,_; = OF k(B tie=1) ;'; 1),

Then, in the second step, EKF will correct the prediction
using the most recent measurement, which is expressed as:

-1
Ky = Pk|k—1Hg(HkPk|k—1Hg +R)
Ripke = X1 + Kk(yk - H(fklk—l))
Pk|k = Pklk—l - KkaPklk—l (10)

OH (Xye|je—
where H, = 91 Fklte=1) ak;k v

the Kalman gain.

, Vi is the measured output and K, is

2.4. Adaline Neural Network

The mathematical moder! of an Adaline Neural Network is:
0, X) = ) WiX, (11)

where W; is the Weighit,z)o(,- and 0(W;, X;) denote the input

and output of the model, respectively. The update rule for
Adaline NN is expressed as:

LONICOR d(k))’

plk+1)=pk)—n p 7d

12)

where d and p are the output of the IPMSM and the
parameter to be estimated, respectively. n denotes the
convergence speed. The Adaline NN model can be
implemented given (2). For example, to estimate g-axis
inductance, the corresponding equation is applied:

Zq(k +1) = Zq(k)

+ 20w (k)ig (k) (@ (k) — uq(k)) (13)
2.5. Proposed Neural Network method

The proposed solution aims to track four machine
parameters, which can take on different values at different
points in time. Then, if only one Artificial NN model is
employed to track the variations of all parameters,
preparing the training set for that model will be difficult to
achieve high generalization. Therefore, one Artificial NN
model (estimator) should be used to estimate one
parameter, so that for each NN model, the training set can
be obtained with one parameter varied while the others are
fixed.

Remark 1. As the machine parameters can vary
independently, using different Artificial NN models to
estimate them facilitates acquiring the training set.
Concurrently estimating 4 parameters is associated with the
possibility that the variation of one parameter will affect
the inputs shared among 4 NN models, which, in turn,
causes wrong estimation results. Hence, the proposed
solution will estimate parameters sequentially, then the
variation of one parameter can be considered in estimating
other parameters.

Remark 2: Sequentially estimating parameters ensures that
the variation of one parameter will not affect the estimation
results.
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In this proposed solution, d-axis current injection is used to
change the state of IPMSM, from which the machine
parameters will be sequentially estimated. Given (1), the
two sets of IPMSM state equations are:

Ugo (k) = —Lgo(K)w(k)igo (k) (14a)
Uqo(k) = R(K)igo(k) + Pmo(K)w (k) (14b)
ug(k) = R(k)ig(k) — Lq(k)w(k)iq (k) (14c)
uy(k) = Rig(k) + Law(k)ig (k) + Y (Kw(k)  (14d)

in which, the variables and parameters with and without
subscripts “0” denote the measured data when iy = 0 (4)
and iy = —2(A), respectively.

It is assumed that Lo = Lg and ¥,,9 = ¥p,. The inputs to
each NN model are determined from (14). For example, to
estimate L, the inputs to the corresponding NN model
include ugo(k), w(k) and igzo(k) as presented in (14a).
Further, instead of feeding the inputs directly to each NN
model, several tests conducted suggest that if the inputs to
an NN model can be simplified, it can give better
estimation results. In this proposed solution, each NN
model will have one input and one output (one-to-one NN
model). Therefore, there will be 4 NN models with the
corresponding input/output summarized in Table 1 and the
estimation process is presented in Figure 1. Specifically,
when iz = 0 (A), NN models to identify L, and R are
enabled, while the other two models to identify L, and v,
are disabled and vice versa when i; = —2 (A). It is noted
that estimation process requires a time delay after current
switching, which avoids the effect of current switching and
ensures the stability of the estimated parameters.

Remark 3: An NN model might fail to map its inputs to a
correct output, then preprocessing the inputs can improve
its estimation accuracy.

Different neural network structures have been tested with
different number of hidden neurons and different hidden
transfer functions. Finally, one common neural network
configuration is chosen for four parameter estimators,
which is shown in Figure 2.

. . id=0
. Tsample*N L]
Tsample*N ] Delay '1—){—.
< » ] e jd=-2
»
»
Estimate Lq Estimate Ld
and flux and R time(ms})

Figure 1: Estimation process based on d-axis current injection.

Table 1: NN model summary

K ni(k) ai(k) n2(k) a2(k)
" %P*@*@*——*
5 1

Model Output Input
1 Lgo =Lg —Ugo (k)
(k) igo (k)
2 [ o = Ugo(K) = R(K)igo (k)
w(k)
3 R ug(k) + La(k)w(k)iqg(k)
ig (k)
4 Ly uq (k) — R(k)ig (k) — P (k)w (k)
w(k)ig(k)

NN model

Figure 2: The common NN configuration for all parameter estimators.

A hyperbolic tangent sigmoid function is chosen as the
activation function for the input and hidden layer, and
relationship between its input and output of this layer can
be expressed as:

‘)’1.1 = Wl * p + bl (15(1)

a, = tansig(n,) = (15b)

1+e2m
Meanwhile, a pure linear function is chosen as the
activation function for the output layer, which gives the
following relationship:

(16a)
(16b)

The reason for selecting the hyperbolic tangent for the
input, and hidden layers is that the nonlinear hyperbolic
tangent can help the model to learn more complex
functions than using a linear activation function. For the
output layer, the pure linear function was selected as the
activation function to make the training process faster since
the pure linear function does not require the update of the
weight for this activation function [19].

n2=W2*a1+b2

a, = purelin(n,) = n,

The block diagram for the proposed solution is shown in
Figure 3 which consists of 4 one-to-one NN estimators and
two triggers to enable these estimators.

3. Simulation setup and results

3.1. Simulation setup

In this paper, the proposed solution is applied to a IPMSM
drive system implemented in MATLAB/Simulink software,
which employs Field-oriented control (FOC) algorithm.
The simulation time (Tsgmpie) is set at 10* s. The nominal
machine parameters are presented in Table 2.

Table 2: Nominal parameters of the IPMSM motor

Parameter Value
Ly(H) 0.045
Lqy(H) 0.102

Y (Wh) 0.533
R(Q) 5.8

The d-axis and g-axis inductances of the machine were first
measured experimentally by using the standstill test. These
measured parameters were used to build the simulation
model of the IPMSM in the Matlab/Simulink. The data
used for training each NN model are collected from
simulation of the IPMSM drive system at different load
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idik) —— , ||I?;|:_]Iil » trigger
Lg |
ol gl
ud(k) —> ; a0
. =uglk) |_q g — . R
iq(k) — T, 0 ’| estimator id(k) —— ud('k)-l-;'f?(k)m(miq(k) *| estimator R
w (k) — udik) —— L (k)
w (k) ——>
ﬁ lplﬂ
W
ua(k) = (k) = R(k)i, (k) Fl r
) U, - N3 L ualk) —
) = = [ estimator [y —] a6 = Ry K) = i (R)eo(l) Ld Ld
aur{[Je ) = w(ic) wli)ig (k) —{ estimator »
ig(k) —

Figure 3: The proposed solution block diagram.

torques, different values of i,,, and R. Specifically, by
varying one parameter, while fixing other parameters at
their nominal values, one training set is acquired. For
example, the NN model to identify R is trained with the
data set, in which actual R increases while the other
machine parameters are fixed at their nominal values.
Similar steps are repeated to acquire the training set for
other three NN models. 20001 samples are collected for
training each NN model with the ratio of 70:15:15 for
training, validation and test sets, respectively. The number
of epochs is set to 1000 and the minimum gradient is set to
1e715 to ensure all NN models will not be underfitting.
Each model performance is evaluated based on Mean
Square Error (MSE) as shown in Figure 4. Furthermore, all
NN models are trained with Levenberg-Marquardt back-
propagation algorithm with mu is set to 0.001. According
to the results shown in Figure 4, the validation and test
curves are similar. This indicates the successful training
processes for all estimators.

3.2. Simulation results and discussion

The performance of the proposed online parameter
identification method was compared with RLS, EKF and
Adaline NN. It is worth noting that the implemented EKF
can only estimate R and y,,,, while RLS and Adaline NN
can estimate all four parameters. Figure 5 shows the
estimation results for different techniques with constant
machine parameters. In general, the outputs for all
techniques converge if not considering slight fluctuations
due to the effect of injected i, signal. Further, it could be
seen that the proposed NN model outperforms other three
techniques in terms of estimation accuracy and
convergence speed. The explanation for this is that RLS,
EKF and Adaline NN require accurate inputs to produce
accurate outputs. On the other hand, the proposed NN tries
to map its input to the corresponding output, then the

estimation accuracy depends on how the NN model is
trained instead of how accurate its input is. For example, if
the dg-axis voltages are not well-compensated, RLS, EFK
and Adaline NN might fail to estimate parameters.
However, if the error between dg-axis voltages fed to the
NN estimators and actual dg-axis voltages does not vary
significantly over time, the proposed technique will
produce better results as presented in Figure 5.

More comprehensive test cases were conducted to further
evaluate performance of the proposed solution as following:

Best Validation Performance is 4.7707e-05 at epoch 113 Best Validation Performance is 5.777e-05 at epoch 21

107 |

] 40 60 a0 15
119 Epochs 27 Epochs

(@) (b)

‘Besl Validation Performance is 0.00051805 at epoch 78 Best Validation Performance is 0.022507 at epoch 74
10 10?

R MSE

A

0 20 30 40 50 60 0 80 [} 10 20 30 0 50 60 70 a0
84 Epochs

(© (d)

Figure 4: Learning curves for four NN estimators. (a) Flux estimator.
(b) Q-axis inductance estimator. (c) D-axis inductance estimator. (d)
Resistance estimator.
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Figure 5: Estimation results for different techniques at w = 1000 rpm
withT =5N.m, R =5.80 and y,, = 0.533 Wh. (a) Estimated L;
(b) Estimated L, ; (c) Estimated R; (d) Estimated ,,,.

3.2.1. Varying load torque test

This test was conducted to verify the effectiveness of the
proposed technique in tracking the variation of inductances
due to varying load torque (T). The IPMSM was run at the
constant speed of 1000 rpm with R =58 Q, ¥, =
0.533 Wb and during the simulation and load torque was
changed from 4 to 5 N.m at around 1.05s as presented in
the upper-left plot in Figure 6. Because of the d-axis current
injection effect, the reference L, shows the similar shape
as a square wave, having the peak-to-peak value in the
order of one thousandth, which can be negligible. After the

change in the load torque, the reference and estimated L,
agree well with each other, which are at 0.109H and
0.109H, respectively. No noticeable change in Ly can be
observed from the upper-right plot in Figure 6. At the same
time, the other two estimated parameters converge to their
reference values.

o |
’ X 1.0541 Proposed NN 0.046 Proposed NN
~0 T Y 0.116668 .
Z b z
s 3 e 1 Z0.044 -
3« X 1.2805 X1.5242 3
Y 0.108946 Y 0.10884
0.08 1 0.042
0 0.5 1 1.5 2 0 0. 1 1.5 2

Time (seconds) Time (seconds)
7 | T Ral ‘ Rl
Proposed NN 0.6 —— Proposed NN

0.55

0.5

R (Q)
w [=2]
¥, (Wh)

0.45

0 0.5 1 1.5 2 0 0.5 1 1.5
Time (seconds) Time (seconds)

N

Figure 6: Estimation results for the proposed technique at w =
1000 rpm with load torque varying from4 N.mto5N.m,R = 580
and ¢,, = 0.533 Wh.

3.2.2. Varying flux test

In this test, the IPMSM speed, R and load torque were set
at 1000 rpm, 5.8 Q and 5 N.m, respectively, while only
Y, was changed from 0.533 Wb to 0.528 Wb at around
1.19s as shown in the lower-right plot in Figure 7. At 0.69s,
the estimated v,,, converges to 0.53 Wb, which is closed to
its reference value of 0.533 Wh. After 1.19s, the reference
Y, drops to 0.528 Wb and the flux estimator can track the
drop by producing the output of 0.527 Wh. The proposed
method shows the small difference in the estimated and
reference y,,.

Ref 0.05 Ref
0.14 Proposed NN Proposed NN
=0 Z z
012 g Sio04s
- —_——— ]
] _
0.1
0.04
0 0.5 1 1.5 0 0.5 1 1.5
Time (seconds) Time (seconds)
Ref 0.65 et
5 Proposed NN 0.6 Proposed NN
. A A = X 0.6918 X1.19
Z 0.55 | Yo0520011 Y 0.528
s = ———— e e ]
o .E 05 X 1.5406
& Y 0.526803
5 0.45
0 0.5 1 15 0 0.5 1 1.5

Time (seconds) Time (seconds)

Figure 7: Estimation results for the proposed technique at w =
1000 rpm with ,,, varying from 0.533 Wb t0 0.528 Wb, T = 5 N.m
and R =5.81.

3.2.3. Varying resistance test

The third test is to evaluate the performance of the
proposed technique in tracking the variation in R. The
working condition for this test was set such
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that load torque =5N.m , i, =0533 Wb and R
varying from 5.8 Q to 6.3 Q at 0.91s as presented in the
lower-left plot in Figure 8. At 1.5s, the cursor indicates that
the estimated R lies at 6.15 Q, while its reference value is
at 6.3 Q. The difference of less than 3% shows that the
proposed solution has successfully track the change in R.

) Proposed NN Proposed NN
= = 0.046 |
= 012 % -
= g {5 -
T 0.1 0.044
0.08 t 0.042 |
0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time (seconds) Time (seconds)
7 X 0.915 Ref 0.6 - Ref 1
Y 6.3 Proposed NN Proposed NN
=6
| |xom
A
I 0.4 I I ]
0 0.5 1 1.5 2 0 0.5 1 1.5 2

Time (seconds) Time (seconds)

Figure 8: Estimation results for the proposed technique at w =
1000 rpm with R varying from 5.82t0 6.3 02, T = 5 N.mandy,, =
0.533 Wbh.

3.2.4. Varying speed test

In the last test, the IPMSM was given a speed step from
700 rpm to 1000 rpm at around 1.18 s as shown in the
lower-right plot in Figure 9. Meanwhile, T, R and ,,, were
setat5 N.m, 5.8 Q and 0.533 Wh, respectively.

0.14 } Ref

Ref
Proposed NN 0.046 Proposed NN
~.0.12
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0 05 1 1.5 2 1 2
Time (seconds) Time (seconds)

65 Ref 0.6 Ref
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Figure 9: Estimation results for the proposed technique with T =
5N.m,,, = 0.553 Wh,R = 5.8 12 and speed varying from 700 to
1000 rpm.

When the speed increases, the drive system enters transient
state, which leads to a variation in the input to R estimator.
As a result, there is a step change in the estimated R after
0.82s. However, at 1.3s, the estimated R drops to 5.8 Q
because the system has become stable. In this test, the other
estimated parameters experience no significant change due
to the step change in speed. Hence, the proposed solution
shows accurate estimation of all four parameters in the case
of operating speed variation.

3.2.5. Discussion

The simulation results have been presented to compare the
performance the EKF, RLS, Adaline NN and the proposed
NN based methods in terms of the estimation accuracy and
the updated time of the IPMSM’ s parameters including
stator resistance, d-q axis inductances and the rotor flux
linkage. The performance of every method is summarized
in Table 3. In general, the advantage of the EKF method is
that no current injection is required. However, this method
fails to estimate the variation of the machine inductances
since nominal values of the machine inductances are
required to develop the estimator for the stator resistance
and the rotor flux linkages. This EKF method also produce
low accuracy due to the effect of the non-linearity of the
inverter to the accuracy of the dg- voltages. Furthermore,
the update time of the estimated parameters is slow due to
the recursive nature of the algorithm. The difficulty in
tuning of the covariance matrices (P and Q) is also the
challenge of this method. Better than the EKF method in
terms of the number of estimated parameters, the RLS
methods can estimate four parameters at the same time.
However, the low accuracy and slow update time are the
major disadvantages of this method. The reasons for these
disadvantages are also the same for the EKF method,
namely as non-linearity effect of the inverter and slow
recursive iterations. On the other hand, the Adaline neural
network is shown to be more advantageous compared to
EKF and RLS in terms of the update time of the parameter.
This is because the algorithm of ANN is simple and
requires less computation time [4]. However, this method
still suffers low estimation accuracy due to the non-
linearity effect of the inverters. Finally, the proposed NN
based method have been proved to be more advantageous
compared to the remaining methods with high estimation
accuracy and fast update capability since the there is no
impact of the non-linearity of the inverter to the estimator
and there is no recursive iteration of the method. The
machine parameters are estimated based on non-linear
regression principle, of which the change of the measured
input voltage and current results in a variation of the
estimated parameters. The major limitation of the proposed
method is the requirement for the offline model training
and the variation of the parameters must be within the range
of the training data.

Table 3: Performance comparison of the online parameter identification

methods
Methods Ry Ly Lq Y, | Accuracy | Update
time
EKF Yes No No Yes Low Slow
RLS Yes | Yes Yes Yes Low Slow
Adaline NN | Yes | Yes Yes Yes Low Fast
Proposed Yes | Yes Yes Yes High Fast

4. Conclusion

This paper has presented a new approach to deal with
IPMSM parameter identification problems based on
Artificial Neural Network model. Four neural network
models have been proposed to estimate stator resistance,
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d- axis, g- axis inductance and the rotor flux linkage,
respectively. The input of every NN estimator is the
function of the specific measured signals including
estimated d-q axis voltages, measured d-q currents and the
rotor speed. The simulation results have proved that the
proposed technique outperforms EKF, RLS and Adaline
NN methods, which require accurate signal measurement
and are heavily affected by the non-linearity of the inverter.
Furthermore, the proposed technique has shown its ability
to effectively track the change in all parameters under the
variation of load torque, speed, stator resistance and rotor
flux linkage. The future work of this project will be the
experimental implementation and analysis of the proposed
and the conventional online parameter identification
methods.
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Abstract

This paper proposes to implement an improved carrier modulation technique to reduce the distortion of voltage and load currents for the four-
level NPC inverter. By changing the offset function compared to conventional carrier-based modulation methods, the proposed method adds
a sub-offset component of the control voltage in the two-level inverter, causes the duty-time to hold the redanduncy state vectors to be evenly
divided in a switching sequence, which improves the harmonic characteristics. Furthermore, this paper presents a strategy for changing the
offset based on the idea of reducing the common mode voltage amplitude in order to expand the working area of the inverter to reach the
modulation index m = 1 compared to the SinPWM (SPWM) method. From there, the improved carrier modulation techniques are proposed:
Improved average offset technique and Improved Extended SPWM technique. The proposed techniques to improve harmonic distortion
(THD), expand the operation region of inverter, shown by simulation results for 4-level NPC inverter.

Keywords: Multilevel inverter, NPC, PWM, Carrier-based modulation.

Chir viét tat
NPC Neutral Point Clamped
PWM Pulse width modulation
SPWM Sin PWM
THD Total Harmonic Distortion
Tém tit

Bai bao nay dé xuét thuc hién ky thuat didu ché séng mang cai tién
dé giam do méo dang dién &p va dong tai cho b nghich luu NPC 4
bac. Bing phuong phép thay ddi ham offset so vai cac ki thuat diéu
ché séng mang truyén thong, k¥ thuat d& xuét thém vao thanh phan
offset phu cua dién ap diéu khién trong nghich Iwu 2 bac lam cho thoi
gian tac dong cla cac véc to trang théi tring lap trong chudi trang
thai dong ngit dugc chia déu dé cai thién chit lwong séng hai. Ngoai
ra, bai bao con dé xuit ky thuat thay ddi offset theo nguyén ly cuc
tidu bién do dién 4p common mode gilip m& rong viing 1am viéc cua
nghich lru dat dén chi sb diéu ché m = 1 so vé6i phuong phép
SinPWM (SPWM). Tir d6, 14n luot cac k§ thuat didu ché séng mang
cai tién duoc d& xuat: ky thuat offset trung binh cai tién va k§ thuat
SPWM mé rong cai tién. Céc ki thuat dé xuét gitp cai thién do méo
dang song hai (THD), dong thoi mé rong vung lam viéc caa nghich
Iwru, thé hién qua céc két qua md phong cho b nghich lru NPC 4
bac.

1. Gi6i thiéu

Ngay nay, nghich luu ap (VSI) tro thanh bo bién ddi cong Suit
thong dung va duoc chuin héa trong cac bo bién tan cong

nghiép nho vao su phat trién trong cdng nghé cua cac khoa
ban dan cong suat. Cac bo nghich Iuu ap dwoc st dung rong
rdi trong nhiéu tng dung, ké ca trong cong nghiép lan dan
dung, nhu diéu khién dong co, FACTS, thiét bi nang cao chat
luong dién ning hay cac bo chuyén ddi nang lugng téi tao.
Trong d0, cdu triic don gian va duoc st dung phd bién nhit la
nghich Iuu hai bac. Tuy nhién, trong céc tng dung cong sut
I6n, doi hoi dién 4p cao, cling nhu chit lwong dién ning,
nghich Iuu hai bac c6 mét sé han ché khi hoat dong ¢ tin sé
cao do ton that chuyén mach va han ché vé dinh muc linh kién.
Ngoai ra, bién tan hai bac cung cap dang séng ngd ra véi hai
mrc dién ap, lam cho dién &p va dong ngd ra méo dang, THD
kém, khong dap tng cac tng dung can chét lugng cao.

Do d6, cac bo nghich luu (BNL) da bac dang danh duoc su
quan tam nghién ciu chuyén sau trong nhing niam gan day,
nhu mot xu hudng day hira hen dé thay thé dan cac bo nghich
lwu hai bac truyén thong trong nhiéu ing dung. Ly do la chiing
cung cap dién ap dau ra cao hon, giam d6 méo dang séng hai,
dv/dt thap va hiéu suit cao so véi bo nghich luu hai bac truyén
thdng [1]-[2]. M6t sé ciu hinh da bac da duoc nghién ciru nhu
b6 nghich Iuu diode kep (Neutral Point Clamped - NPC) [3],
bo nghich luu tu dién bay (Flying Capacitor - FC) [4], bo
nghich Iuu ghép tang cau H (Cascade H-Bridge - CHB) [5]
hay b¢ bién d6i da bac dang md-dun (MMC) [6]. Trong so cac
c4u hinh da bac ké trén, nghich luu NPC dugc sir dung rong
réi trong cong nghiép vi cau trac don gian, hiéu cao va dé thuc
hién [3].

V6i nghich luu da bac NPC, cu hinh nghich luu NPC ba bac
twong ddi phd bién vi nhing wu diém ké trén so véi nghich
lru hai béc truyén théng.
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Bén canh sy phét trién vé cac cAu hinh nghich luu da bac, cac
ky thuat diéu khién nghich luu da bac ciing dugc quan tam
nham cai thién chét lugng dién nang. Trong do, hai k¥ thuat
diéu khién cho nghich lru da bc thudng duoc quan tam 13 ky
thudt diéu ché song mang va ky thuat diéu ché véc to khong
gian [7] [8]. So véi ky thuat diéu ché véc to khong gian, ky
thuat diéu ché song mang dugC s dung rong ri vi uu diém
dé thuc hién. Ky thuat diéu ché do rong xung SPWM la mot
k§ thuat dic trung ctia ky thuat diéu ché song mang. Céc
nghién ciru da ching minh ky thuat SPWM cho chat lugng
so6ng hai tot va THD thap. Nhung k§ thuat SPWM van c6 thé
duoc cai hién hon nira vé THD dé c6 chat lugng tt nhu cac
phuong phap diéu ché véc to khong gian. Tuy nhién, mot
nhuoc diém caa ky thuat nay 1a pham vi dién ap l1am viéc han
che [8]. Ky thuat SPWM chi hoat dong ¢ vung lam viéc co chi
s6 didu ché m < 0.866, diéu nay lam han ché kha nang (g
dung cho céc bién tan cdng nghiép hién nay. Vi véy, diéu nay
dat ra nhu cau vé viéc cai tién k§ thuat SPWM cho nghich luu
da bac nham cai thién chét luong hoa tan ciing nhu mé rong
vuing lam viéc cho bo nghich Iuu. Bé khic phuc didu nay, cac
ky thuat didu ché séng mang dua vao ham offset dwoc nghién
ctru dé cai thién chat luong song hai va mé rong vung chi sb
diéu ché so vai ky thuat SPWM cho nghich luu da bac.
Ngoai ra, véi xu huéng hién dai cac nghién ctiu gan day cho
cau hinh bac bén ciing da thu hat dugc sw chd y 16n do nhu
cau cua cac tng dung thuong mai va cong nghiép doi hoi st
dung dién &p cao va chat luong dién ning ngay cang tot hon
[9]-[12], trong @6 phai ké dén cdu hinh nghich luu NPC 4 bac.
Do d6, bai bao nay d& xuét ky thuat didu ché séng mang cai
tién cho nghich luu 4 bac. Ky thuat PWM cii tién dé xuat c6
dic diém cai thién d6 méo dang séng hai (THD) so vai céc ky
thuat SPWM, ngoai ra vung lam viéc cua nghich luu dugc mo
rong dén chi sé diéu ché m = 1. Vi k¥ thuat dé xuat, bang
viéc khai thac ham offset cho tin hiéu diéu khién, viing lam
viéc caa nghich luu da bac duoc mé rong cho chi sb diéu ché
m > 0.866. Bén canh d6, viéc thém vao ham offset phu gilp
chat lwong song hai dwoc cai thién dang ké. Ky thuat dé xuat
s& duoc &p dung va kiém ching cho b nghich lwu ba pha NPC
4 bac.

Bai bao nay dwoc ciu triic nhu sau: Phan 2 s& néi vé “Cau tric
b6 nghich luu diode kep bén bac”, tai muc 3 s& trinh bay vé
cac “Ky thuat diéu ché song mang PWM mé rong dé xuit cho
nghich luu NPC 4 bac”. Tir d6, “K§ thuat diéu ché song mang
cai tién cho nghich luu NPC 4 bac” s& dugc trinh bay trong
Phan 4. Trong Phan 5, chat lugng ngd ra cua bo nghich luu
véi cdc k¥ thuat ndi trén s€ dugce danh gia va so sanh qua d6
méo dang song hai THD%, cac két qua duoc thuc hién trén
phan mém mé phong PLECS cua hang Plexim.

2. Céu tric bd nghich lvu NPC 4 bic

B6 nghich Iuu ba pha NPC 4 bac (Hinh 1) duoc ciu tao tir ba
nhénh pha. Mdi pha bao gém 3 cap khda chuyén mach va 4
diode kep chia déu cho nhanh trén va nhanh dudi. Cac cap
khoa nay hoat dong theo nguyén tic kich d6i nghich: Six-S’1x,
Sax-S’ax VA Sax-S’3x (trong d6 X = {A, B, C} lan luot 1a 3 pha
tuong ung). Ta c6 nguyén tic kich ddi nghich cho céc khéa
nhu sau:

Sx +S'w=L1=(@1273) @

17
Pim C
Phu B
L Pha A
U, + K #su
T“ ==
U ¢ g
e v
J A e
.U, + —— 5
e Ya TL
H 7 T4 | p
14
Uy r+
46
K s
U, +
j;f il O
J '3A
Y, L
L] o —
Hinh 1: Céu trdc bd nghich luu ba pha NPC 4 bac.
Béng 1: Bang trang thai cuia mot pha trong bo NPC 4 bac
L S | Sy [ Su | S | Vi
0 0 0 0 0
1 0 0 1 Ug/3
2 0 1 1 2U,/3
3 1 1 1 Uy

Goi Sx1a ham déng cit ciia pha X, Sx dugc dinh nghia bang
tong trang thai cta cac khoa nhanh trén nhu sau:
3
Sy =25ix =S} +S,x +35x, 05, <5, <§;, <1 2)
i=1
Dién 4p ngudn Uy duge chia déu cho ba tu dién kep Ci, Co,
Cs, MOi tu c6 dién ap duy tri & mic Ug/3. Gid str dién ap trén
moi tu dwoc gitr can bang, dién 4p nhdnh mai pha dugc dinh
nghia:

V S, S,+S,,+S

VAO Uid S A SlA .\ SZA ) S3A (3)
BO 3 - 1B 2B 3B

VCO S SlC + SZC + SEC

Dién 4p nhanh mdi pha phu thuoc vao trang thai dong ngit
cua cac khoa dugc md ta nhu trong Bang 1. Bién &p ba pha
tai cn bang dugc tinh theo dién ap nhanh nhu sau:

2 1 1]
3 3 3
Vol | g g “)
Ve |= 3 3 3 Veo
Vel |1 1 2|
3 3 3

Thay (3) vao (4), dién &p pha tdi co thé duoc viét theo ham
trang thai dong cat ctia cac pha nhu (5):

2 11
Vo 303 3, (5)
Ul 1 2 1
Ve =573 3 3 SB
3] 3 3 3
VtC l 1 2 SC
'3 3 3

Néu goi N 1a diém trung tinh cua tai 3 pha, thi dién &p offset
Vo (hay Vo) la dién ap xac dinh gita N va O. Luc do, dién
&p nhanh c6 thé x4c dinh theo &p tai va &p offset nhu sau:

V,o =V, +V,

6
VBO :VtB +Vo ( )
Veo =Vie +Vo
Tir (4) va (6) suy ra:
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V. = VAO +VBO +Vco (7)

© 3 3 C
bi¢n 4p common dugc dinh nghia la di¢n ap giira trung tinh Vix
tai va trung tinh nguon DC, lién quan dén ap offset theo cong
thuc: 2 C,
V. =V =V _ﬂ =VAO +Veo +Veo _U_d (8)

com NG o 2 3 2

~ Ag asA Xz 2 A 1 G
3. K¥ thuat diéu ché song mang PWM mé rong
dé xuat cho bg nghich lwu NPC 4 bac
0
3.1. Nguyén ly ky thuat diéu ché song mang PWM g
X | o 1 | o

Do tinh don gian nén ky thuat diéu ché séng mang PWM duoc S f
str dung rong rai trong nghich luu da bac hi¢n nay. Theo X : 1 : |
nguyén ly diéu che song mang, tin hiéu dicu khién Vax s s ; :
duoc s0 sanh véi mot song mang tam giac Vex. Doi véi BNL X : ! : }
4 bac, ba tin hiéu song mang C, Cz, Cs lan luot la song mang Sy 5 [ 3 | 5
twong tng cho cac khda Six, Sax, Ssx. Néu song diéu khién '
Vakx 16n hon song mang C;j, thi khéa Six twong (g dugc kich

dong, nguoc lai thi khoa diéu khién dugc kich khoa nhu trén
Hinh 2 va Hinh 3:
1if Vi 2V,
o O If deX <VCi
Tir phén tich dién 4p nhanh & (3) va (6), dang song diéu khien
dugc thé hién dudi dang chuan hoa bai dién ap Ud/3:

(10)

VeV +V,
Vi =5 X?s U, U3 Ve <3 ©

Vi tai ba pha can bang, tic VoV, Vo) =V, =V, e, nén ba
tin hiéu song diéu khién c6 bién do nhu nhau nhung 1&ch pha
120°.

Vi tin hiéu séng mang, c¢6 nhiéu cach dé sip xép cac séng
mang, trong d6 ky thuat thuong dung cho nghich luu da bac
la ky thuat séng mang dich mic — level-shifted PWM (LS-
PWM). Trong ky thuat LS-PWM, ba tin hiéu séng mang cung
tan s6 va bién d6 dinh-dinh, duoc xép chdng 1én nhau theo thir
tu Cs= [0,1], C2=[1,2], C1 = [2,3]; trong d6 Ci, Ca, Cs lan
lugt la song mang tuong ng cho cac khoa Six, Szx, Ssx nhu
thé hién trong Hinh 3. Song mang dugc sip xép ciing pha nhur
trén Hinh 3 con duogc goi la ky thuat Phase-Disposition PWM
(PD-PWM). Céc séng mang c6 thé dugc sap Xep léch pha
nhau, nhung céc nghién ctru di chi ra ring viéc xép cac séng
mang cuing pha s& dat dwoc chat lugng séng hai tét nht.

Tir (9), ta thay rang tin higu diéu khién mdi pha phy thugc vao
dién &p tai cua pha va dién p offset. Tuy vao viéc chon ham
dién &p offset, hinh thanh mot sé ky thuat diéu ché séng mang
nhu SPWM, k¥ thuat offset trung binh. Céac ky thuat ndy s&
dugc trinh bay dudi day.

B SIX

deX

(jr2 ] : SZX
Sy
C, | _ S ;a)(
S'x

Hinh 2: Giai thuat didu ché séng mang cho nghich luu NPC 4 bac.

Hinh 3: Tin hiéu song mang, song diéu khién va trang thai cac khoa trong
diéu ché séng mang cho nghich luu NPC 4 béc.

3.2. Ky thuat SPWM

Ky thuat SPWM la mét trong nhitng k¥ thuat diéu ché séng

mang phé bién. K§ thuat nay dugc chimg minh dat dwoc chét

lwong hoa tan tét.

Co so chon ham offset cua ky thuat SPWM 1a dé dién ap com-

mon mode bang khong. Tir (8), diéu ndy twong duong véi:

v, =Ya (11)

2

Lac nay, tin hiéu diéu khién ¢ (9) duoc viét lai dudi dang

chuan héa thanh:

Y _ Vi +Vo _ V,C0s0+U, /2 _V,cosd §
U, /3 U,/3 U,/3 2

K¥ thuét diéu khién SPWM tuyén tinh khi bién d6 ap ngd ra

khong vudt qua gidi han:

(12)

] (13)
mo2

t (ng Vi chi sb diéu ché cuc dai 1a v’z _ .866.
wong (ng vai chi so diéu ché cuc daila m = VG

3.3. Ky thuat PWM offset trung binh

Ky thuat PWM véi offset trung binh la mot trong nhing
phuong phap diéu ché song mang dat dugc bién do dién ap
pha tai cuc dai & viing tuyén tinh bang U, /v/3. K§ thuat offset
trung binh ¢ d6 lon dién ap offset cho béi céng thuc:
Vv, :w (14)
Trong d6, Vomax, Vomin 12 cac dién ap offset cuc dai va cyc
tiéu duoc xac dinh nhu sau:
Omax _U MaX(VtA' tB' )
VOmm - Mln(vtA' tB? )
Trong d6, Max va Mm la ham gia tri lon nhat va nho nhat cua
cac bien. )
T (14) va (15), ham offset trung binh duqc viét lai:
Vo — U Max(\/tA' B! ;) Mln(\/lA' tB? )

(15)

(16)
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Tin hiéu diu khién dang chuin héa luc nay s& dwoc cap nhat
ham offset trung binh theo cong thirc (9) va so sanh vdi song
mang dé tao ra tin hi¢u dong cat.

D6 thi ham offset, 4p common mode, tin hi¢u séng mang va
song diéu khién cua hai k¥ thuat SPWM va ky thuat offset
trung binh lan luot duoc thé hién ¢ Hinh 4 va Hinh 5.

20 Ham offset ki thuat SPWM

' ; i Ham offset |
1.5 ' ]
1.0

{ Ham common mode ki thuat SPWM

N ~— Ham common mode
e N \_ 7 ™ | Ham common mode max
0———————— - Ham common mode min
-1
S6ng mang va so dleu khién ki thuat SPWM

Thai glan (s)

Hinh 4: Ham offset, ham common mode chuén héa, song mang va séng diéu
khién cua ky thuat SPWM vaéi m = 0.8.

Ham offset k¥ thudt offset trung binh

2.0 ; = vam et
/\\ //\ /\\ /\\ Hamnffs?tﬂ
’ N NS N LN
1.0 :

Ham common mode k¥ thudt offset trung binh

~ Ham common mode
+ Ham common mode max 1
Ham common mode min |

Sung mang va song d\eu khlen ky thuat offset trung binh

o — V_dkAp
o o ¥ — v_aks |
AR | — v_dkc|]
Y- v 3 |
A V.2 b
vl f

x le-2

Thoi g|an (s)

Hinh 5: Ham offset, ham common mode chuén héa, song mang va séng diéu
khién cua k¥ thuat offset trung binh vgi m = 0.8.

Bang viéc phan tich hai k§ thuat diéu ché song mang truyén
thong cho nghich Iuu NPC 4 bac, cac ham offset, séng mang,
song diéu khién cho cac ky thuat truyén thong duoc trinh bay
nhu trén. C6 thé thay rang ky thuat SPWM lya chon ham off-
set sao cho dién 4p common mode (Veom) bang khong. Viéc
chon ham offset ¢6 Veom = 0 khong thé thuc hién dwoc & ngoai
viing lam viéc tuyén tinh m > 0.866. Do d6, ky thuat SPWM
¢6 nhuge diém han ché viing 1am viéc & chi sb diéu ché m <
0.866. Trong khi do k¥ thuat offset trung binh thém thanh
phan thir tw khong cua dién &p pha tai vao ham offset nhim
cai thién dac tinh soéng hai so véi ki thuat SPWM.

3.4. Ky thuat SPWM mé rong dé xuit

Nhu da trinh bay, ky thuat SPWM chi thuc hién duoc ¢ ving
chi sé diéu ché m < 0.866, khi diéu kién dién 4p common
mode bang khong thoa man.

Dé mé rong pham vi &p dung cho m > 0.866, diéu kién Veom =
0 c6 thé dugc thay thé bang gia tri o lon dién 4p common

mode [Veom| Cuc tiéu. Ky thuat SPWM mé rong dé xuit dugc
hinh thanh s& bao gom viing ap dung Veom = 0 V& viing mé rong
Vi [Veom| Cuc tiéu.

Véi cac ham offset cuc dai va offset cyc tiéu duge dinh nghta
¢ (15) va (16), gia tri dién 4p common mode cyuc dai va cuc
tiéu ldc nay 1a:

U
Vcommax :VOmax _7d (17)
U
Vcommin :VOmin _7d
Vi Vomin < Vo < Vomax, NEN:
U U
Vcommax :VOmax 2d >VO 7d (18)
U U
Vcommin :VOmin _7(1 SVO _7[‘
Hay:
ﬁ—’_vcommin — Y0 —U_+Vcommax (19)
2 2

Trong ky thuat SPWM mo rong, ham offset s& duoc thiét ké
520 cho |Veom| dat cuc tiéu khi diéu Kién veom = 0 khéng thoa
man. Tu d6, ham offset cua phuong phap SPWM mé rong sé
1a:

412,V

commin
Vcom max — 0
V,

commin = 0

<0<V

V, =4V (20)

Omax ?

V,

Omin
Tir biéu thie (20), ta thay ky thuat SPWM mé rong tuong
duong k¥ thuat SPWM truyén théng & ving m < 0.866 vi ham
offset luc nay béng Ud2. O ving md rong, ham offset dugc
chon sao cho bién d§ ap common cuc tiéu. Do do, k¥ thuat
SPWM mo¢ rong con duge goi la ki thuat do 1on common
mode cuc tiéu. Khoang didu khién tuyén tinh cia phuong
phap nay duoc cai thién dén chi sb didu ché m = 1.

Ham offset, tin hiéu song mang, song diéu khién cia ky thuat
SPWM mé rong & duge thé hién nhu trong Hinh 6 ¢ viing mo
rong m > 0.866. Tur hinh 6, ta thdy d6 thi ham Veom 6 phan
thoa man Veom = 0 va phan con lai dat gid tri veom # 0. Khi do,
Vcom S€ lay bang gia tri Veommin néu Veommin > 0 va bang gia tri
Veommax NéU Veommax < 0 dé d6 16m Veom ludn dat gia tri nho nhat.
Khi & viing m < 0.866, gié tri cac ham nay dugc thé hién tuong
tu nhu trong Hinh 4 cua ky thuat SPWM.

Ham offset ki thuat SPWM md rong

1.6
, |~ Ham oﬁ‘set.
L5 ‘ :
1.4~
Ham common mode ky thuat SPWM md rong
0.5 \ == Ham common mode

Ham common mode max
Ham common made min

Théi gian (s)

Hinh 6: Ham offset, ham common mode chuan h6a, séng mang, séng diéu
khién cua k§ thuat SPWM mo rong vai m = 0.9.
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5. Két qua mé phong

B nghich luu NPC 4 béc dugc mo phong bang phan mém
PLECS. Théng s6 md phong dugc thé hién & Bang 2.

Bang 2: Bang trang thai cia mot pha trong bd NPC 4 bac

| Théng sb [ Gia tri
bién ap U, 300V

Tan sb co ban 50Hz

Tan s6 séng mang 5kHz
bién tro 333Q
Cudn cam 2.7mH

Do thi eo va ¢ méo dang THD cua ky thuat SPWM mé rong
va ky thuat SPWM mé rong cai tién cho bd NPC 4 bac dugc
thé hién & Hinh 10 va Hinh 11.

Céc db thi trén Hinh 10 biéu di&n qua trinh ham eo trong mot
chu ky cua dién 4p ngd ra twong (ng véi céc chi sé diéu ché
khéac nhau. Vi du khi m = 0.1 va m = 0.6, eo ¢6 gia tri nho
trong ca chu ky nén it c6 kha nang cai thién do méo dang. D6
thi d6 méo dang THD; tuong ung thu duoc trén Hinh 11 x&c
nhan két qua cai thién khong dang ké cua phwong phap
SPWM mé rong cai tién. Khim=0.3vam =1, ham eo c6 gia
tri 16n trong chu ky ap tai mod ta & Hinh 10, da din dén cai
thién THD rd rang hon nhu md ta trén Hinh 11. Mgt céch
tuong dbi, c6 thé danh gia tac dung cai thién THD theo chi s6
diéu ché m cua ham eo théng qua tri hiéu dung eoms trén Hinh
11. Két qua cho thiy rd rét anh hudng cia eorms dén sy cai
thién do méo dang. Dic biét, két qua THD cua phwong phap
SPWM ma rong cai tién duoc cai thién ro rét & vung 0.2<m
< 0.5, cu thé THD c6 thé giam tir 17% xubng con 14% (tai m
=0.3). THD ciing dugc cai thién & chi s diéu ché m > 0.866.
O ving mé rong, THD dugc cai thién nhiéu nhat dén 73% tai
m = 0.95 (ltc nay gié tri ham offset phu ciing 1a 16n nhat) so
v6i phuong phap SPWM mo rong chua cai tién. Vi vay c6 thé
nhan thiy do 16n caa ham offset anh huéng su cai thién THD
cua ky thuat SPWM cai tién ma rong so véi ki thuat SPWM
mé rong khong cai tién.

Tuong ty, ¢6 thé theo ddi qua trinh ham eq(0) va eoms, THD;
ctia phuong phap PWM offset trung binh cai tién trén céc
Hinh 12 va Hinh 13. Vi 0 < m < 0.4, ham eo = 0 nén khéng
c6 su thay d6i THD khi &p dung phwong phap PWM offset
trung binh cai tién. Vi m > 0.8, eo c6 gié tri nho va su cai
tién THD khong dang ké. Do do, k¥ thuat offset trung binh cai
tién c6 THD twong duong nhu k¥ thuat truyén thdng trong hai
khoang nay. Trong khoang 0.4 < m < 0.8, ham eo va gia tri
€orms tang 1én dan dén sy cai thign THD dién ra trong ving
nay. Cu thé, eorms tai m = 0.7 dat cuc dai va lic ndy THD duoc
cai thién 1én dén dén 78%. Tir c4c két qua trén, c6 thé két luan
rang cac ky thuat diéu ché song mang cai tién d& xuat cho
nghich Ivu NPC 4 bic cai thién dugc THD so véi cac ky thuat
trudc cai tién khi ap dung ham eo.

Chét lugng séng hai THD cua hai phuong phap SPWM mé
rong cai tién va offset trung binh cai tién dugc so sénh trén
Hinh 14. O ving m < 0.4, ki thuat SPWM m& rong cai tién
¢6 do méo dang thap hon. O ving con lai thi PWM offset
trung binh cai tién c6 THD thap hon, dic biét & ving chi s6
diéu ché lon.

Hinh 15 - Hinh 20 lan lugt md ta két qua md phong dién ap
day, dong pha tdi va phan tich FFT dong dién cua bo NPC 4
bac vai lan luot cac phuong phap SPWM m¢ rong cai tién va
phuong phap offset trung binh cai tién & céc chi s6 diéu ché
lAn luot lam =0.3,m=0.6 vam = 0.9.

V6i m = 0.3, dién ap day va dong pha tai b NPC 4 bac duoc
thé hién & Hinh 15 véi ki thuat a) SPWM ma rong cai tién, b)
Offset trung binh cai tién. Két qua phan tich FFT dong dién ¢
Hinh 16 cho thiy chi s6 THD dong dién caa 2 ky thuat lan
luot 12 14% va 14.5% cho thay k¥ thuat SPWM mo rong cai
tién c6 THD t6t hon so vai ki thuat offset trung binh cai tién.
Tiép theo, dién ap day va dong pha tai duoc thé hién & Hinh
17 véi ky thuat a) SPWM mé rong cai tién, b) Offset trung
binh cai tién. Phan tich FFT dong dién & Hinh 18 cho thay chi
s6 THD dong dién cua ky thuat SPWM mo rong cai tién la
6.8% trong khi gid tri nay cua ky thuat offset trung binh cai
tién chi 125.7%.

Tai m = 0.9, dién &p day va dong pha tai dwoc thé hién & Hinh
19 véi ki thuat a) SPWM mé rong cai tién va b) Offset trung
binh cai tién véi phan tich FFT thé hién ¢ Hinh 20. THD dong
cua ky thuat offset trung binh cai tién 1a 4.05%, thip hon so
V6i 4.5% cua ky thuat SPWM mé rong cai tién.
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Goc theta [d8]

Hinh 10: D4 thi eo(V) tai cac chi sé diéu ché m=1,m=0.6m=03vam=
0.1 khi &p dung k¥ thuat SPWM ma rong cai tien.
SPWM mé rong cai tién

SPWM mé& rong ~+==Gia tri rms offset phu eo

Ving ki thudt SPWM Ving mé réng

GIA TRI HAM OFFSET PHU

01 02 ©3 04 05 06 07 08 085 09 095 1
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Hinh 11: B} thi oms(M) va THD;(m) cua ky thuat SPWM mé rong va
SPWM m¢ rong cai tién theo chi so diéu che.

DB thi e (theta)

Y]J:. AVAV WILW& AV,AV Vmwm AV_AV Vm
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Goc theta (03]

Hinh 12: B4 thij eo(6) tai cac chi sé diéuché m=1,m=0.8 m=0.6vam=
0.1 - 0.4 khi ap dung ky thuat PWM offset trung binh cai tién.
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Hinh 13: D thi eoms(m) va THD;(m) ctia ky thuat PWM offset trung binh va
PWM offset trung binh cai tién theo chi s6 diéu che.
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Hjnh 14: PJ thi so sanh THD dong dién gitra ky thuat SPWM ma rong cai
tien va PWM offset trung binh cai tién.
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Hinh 15: Bién &p day va dong pha tai bd NPC 4 bac vai ky thuat a) SPWM mé rong cai tién, b) Offset trung binh cai tién tai m = 0.3
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Hinh 16: Phan tich FFT dong tai vai ki thuat a) SPWM m rong cai tién, b) Offset trung binh cai tién tai m = 0.3
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Hinh 17: Bién 4p day va dong pha tai b NPC 4 bac véi ky thuat a) SPWM mé rong cai tién, b) Offset trung binh cai tién tai m = 0.6
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Hinh 18: Phan tich FFT dong tai véi ki thuat a) SPWM m rong cai tién, b) Offset trung binh cai tién tai m = 0.6
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Hinh 19: Bién 4p day va dong pha tai bo NPC 4 bac vai ky thuat a) SPWM cai tién (viing mé rong), b) Offset trung binh cai tién tai m = 0.9



24

Measurement, Control, and Automation

1.0 FFT déng pha tii (THD i = 4.50%) p——

0.9

0.8 0.05

—ItA
0.04

0.7 0.03

0.02
0.6
0.01

I,/1

0.00

0.5+ b0

1.0
Frequency

0.4 /

0.3 /

0.2 /

0.1 /

0.0 - I
0.0 0.5 1.0
Frequency (Hz)

a)

1.09 FET dong pha 1ai (THD_i = 4.05%) —1A

0.9~

y 0.05
0.8 — 1A
0.04

0.7 0.03

0.02
0.6+

0.01
0.5 © 0.00
0.0 1.0

Frequency

1.5 x led

0.4
0.3 o

0.2 e

0.5 1.0

Frequency (Hz)
b)

x le4

Hinh 20: Phén tich FFT dong tai véi ky thuat a) SPWM cai tién (viing mé rong), b) Offset trung binh cai tién tai m = 0.9

6. Kétluin

Bai béo nay trinh bay céch tiép can mot BBD bac 4 giup ting
cong sut va cai thién dac tinh séng hai cho céc tng dung yéu
cau cao hon s0 véi cac BBD bac 3. Véi ddi tugng 1a bo nghich
luu NPC 4 bac, bai bao da thuc hién ki thuat diéu ché song
mang cai tién bang phuong phap thay ddi ham offset. Trudc
tién, d& xuat mo rong pham vi ap ra ciia phuong phap SPWM
bang phuong phap SPWM mé rong bang nguyén 1y bién do
dién &p common mode cuc tiéu. Do d6, md rong ving lam
viéc dén chi sé diéu ché m = 1 cho bo nghich luu. Sau d6, cac
ky thuat diéu ché séng mang cai tién dwoc dé xuit bang cach
thém vao thanh phan offset phu cua dién ap diéu khién trong
nghich luu 2 bac dé cai thién d6 méo dang song hai. Két qua
mo phong cho thay ky thuat didu ché séng mang cai tién dé
Xuét cho nghich luu NPC 4 bac cai thién dugc THD dang ké
S0 véi cac ky thuat truyén thong, trong d6 ky thuat offset trung
binh cai tién c6 THD thap nhat trong phan Ién vang chi s6
diéu ché gitra cac ky thuat.
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khoa, PHQG-HCM d4 hd trg cho nghién ctru nay.
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Abstract

This research introduces a novel approach to selecting and designing magnetic cores for DC power optimizers. Unlike traditional methods
that depend on the Area Product (A,) and involve extensive trial and error to achieve the final design, the proposed methodology utilizes
two essential parameters: the Core to Copper Loss Ratio () and the Window Ultilization Factor (k) for the inductor design process. The
loss models of the inductor are formulated based on these variables, considering the impact of DC bias, a crucial factor that significantly
affects the inductor in high magnetic field strength applications. To minimize the overall magnetic loss, the PSO algorithm is applied. The
simulation results validate the effectiveness and rationality of the proposed magnetic models and optimization strategy. Therefore, this approach
provides an efficient and effective alternative to the traditional trial-and-error approach for designing and selecting magnetic cores for DC

power optimizers.

Keywords: Magnetic design, Inductor design, DC optimizer, Optimization algorithm.

1. Introduction

In recent years, there has been an increasing interest in photo-
voltaic (PV) energy as a potential alternative energy source that
can reduce carbon emissions and provide a sustainable energy
supply [1]. The conversion of PV power to the grid requires
the use of a power converter to optimize energy efficiency and
ensure that the output voltage and current meet grid require-
ments [2]. One of the most commonly used power converters in
PV applications is the boost converter topology [3]. This DC-
DC converter can increase the voltage of a DC input to a higher
level, making it useful in PV applications where it can increase
the low DC voltage output of a solar panel to a level suitable
for feeding into the grid [2]. By applying maximum power
point tracking algorithms (MPPT), the boost converter can also
transfer maximum energy from the PV module to the inverter
stage, making it a DC optimizer or DC power optimizer.

Designing a DC optimizer for a PV system poses several chal-
lenges due to the unique characteristics of the PV source and
the grid connection requirements, such as variable and unpre-
dictable input voltage, MPPT algorithms, thermal management,
and magnetics design, among others, [2], [4]. The magnetic de-
sign of the DC optimizer is critical to its optimal performance.
The design of magnetic components, such as the inductor and
transformer, determines the efficiency and reliability of the
converter [4]. Proper magnetic design can lead to higher effi-
ciency, lower power losses, and reduced component size and

weight. However, the magnetic design process is complex and
requires an understanding of various parameters and trade-offs.
Several magnetics design methodologies have been published
in the literature, providing design guidelines for creating mag-
netic components based on fundamental concepts [5—7]. Typi-
cally, these guidelines suggest a step-by-step process that in-
cludes core selection, conductor selection, loss evaluation,
and other parameter estimation. However, the core selection is
typically based only on an appropriate Area-Product (A,) pa-
rameter, which is independent of the converter’s performance.
Therefore, it requires repeating the process multiple times to
achieve an optimal design. In [8], the author used observation
and approximation methods to show the relationship between
A, and the total loss of magnetic components. However, the
process still involves trial and error to obtain good results. To
address this issue, report [9] used the 3D-graphical method
for surveying and selecting a suitable design. However, these
methods have not considered the effect of DC bias, which can
significantly affect the final design. In PV applications, the
boost converter operates with low voltage and high current,
making this impact more significant.

This paper proposes a new approach to inductor design for a
DC power optimizer. The winding loss (P,) and ferrite loss
(Pfe) are formulated in terms of A,,. To enhance accuracy, the
effect of DC bias is also addressed in modeling the inductor
loss. The PSO algorithm is employed to find the optimal de-
sign. Inequality constraints were considered in the optimization
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Figure 1: DC Power Optimizer

problem due to factors such as the limited window area of the
inductor and the need to handle the operating temperature. The
optimized inductor was then verified by finite element method
magnetic (FEMM) analysis. Simulation results demonstrate
that the loss models of the inductor are reliable.

2. Magnetic Circuit Analysis

2.1. Inductance Analysis

Fig. 1 showed the boost converter topology in PV application,
the inductor of which is used to illustrate the design process.
The inductance value can be calculated by the following equa-
tion (1) [3]:

1y YD

= AL ey

where V), is the input voltage of the PV,
D is duty cycle,
Al is the current ripple of the inductor,

fsw 1s the switching frequency.

While the inductance value is typically treated as constant
throughout circuit operation in designs [5-9], this assumption
is not entirely accurate due to the presence of DC bias ef-
fect. This phenomenon has a significant impact on inductance
value, causing a shift in its frequency response and increasing
core losses [10]. This effect causes a mismatch between the
designed and actual performance of the inductor, leading to
degraded overall system performance. This effect is even more
significant in applications with high DC current such as DC
power optimizers.

Figure 2 provides an example illustrating how the permeability
and the inductance value decrease due to the occurrence of
DC bias. It is evident that the inductance value significantly
decreases under DC bias, hence in this paper, the inductance
value is recalculated based on the operating point of the circuit
as the following equation (2):

Ly =Loy-kp 2

where L, is recalculated inductance value; &, is the DC bias
gain which depends on the magnetic core material. In this
paper, the magnetic core of Micrometal manufacture is used to
illustrate the design process. From [11], k;, can be expressed

8
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Figure 2: Percent of permeability vs DC Bias [11]

by the Equation (3):

1
1 1 1 3)

+ +—
dIBace fsw

kp =

ay + b Bgk

where aj,by,cq,djand e is the material coefficients; B, is AC
flux density of magnetic core.

2.2. Core Parameters Formulation

The design of an inductor typically begins with selecting a
core [5-7]. An initial core selection is based on the core area
product (A,) which is the product of W, and A.. The A, and
W, of the magnetic core are illustrated in Fig.3. The product of
them specifies the energy handling capability of the core and
is defined by equation (4):

2(Energy)(10%)

Ap=Wax A==
m u

“4)

where B,, is the maxinmum flux density; J is current density;
k, is window utilization factor.

In [5-7], by selecting B,/ and k,,, the initial parameters of A,
can be determined. Subsequently, the number of turns and type
of wire is calculated based on the design inductance value,
followed by the assessment of losses and temperature rise.
However, this process does not take into account the impact
of DC bias as analyzed in Section 2.1. Additionally, numerous
trial and error iterations are typically required to arrive at the
final design, while ensuring that parameters such as losses and
temperature rise meet the specified requirements.

To streamline the design process, this paper proposes a loss
model that accounts for the effect of DC bias and applies an
optimization algorithm to find out the inductor which has the
lowest loss. Computed-aided tools are employed to support the
design process, thereby reducing the workload of the designer
and resulting in a more accurate design.

The first step in this design process is to reformulate A, re-
lated to magnetic mechanical, electromagnetic, and power dis-
sipation parameters. This relationship is described in [8] as
following equation (5):

5
B Ki\/kuAT )
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Figure 3: Magnetic core illustration.

where y = Py, /P, is core to copper loss ratio,

. . . . Pro =
K; is root-mean-square to maximum inductor current ratio, fe

Ly, is the inductance value calculated in 2,
K; is a dimensional constant,

AT is the temperature rise of the inductor.

The key characteristics and physical measurements of the core,
including W,, A., core volume (V,), the mean length turn
(MLT), the magnetic path length of the core (/,), winding vol-
ume (V,,) and total surface area (A4,), can be determined based
on the value of A, using dimensional analysis, as explained
in the references [8, 12]. In order to simplify the number of
unknown factors, [9] introduced a ratio of W, to A., which can
be expressed by the following equation (6):

X = — (6)
Therefore, the values of W,, A., V., and [, that correspond

to each A, value can be calculated by using the equations
described in (7):

Wo= /A, xXx
AP
A=/ -2
Y, @)
Ve =ke XA}
L =-<
e AC

where k. depends on geometry and the manufacture; k. = 5.6
with vertical core and k£ = 3.3 with toroidal core typically [8].
Then the current density (J) within the winding needs to meet
the maximum allowable temperature and can be expressed in
terms of k,,y,AT and A, as the following equation (8):

:KL
"Vh(1+7) VAP

Next, it is possible to calculate the inductance value in terms
of the number of turns (V) and core reluctance (N):

J ®)

N2
9'{COI’C
where N and R, can be calculated by (10) and (11):

L= ®

N=- (10)
le
e:[.l[.LA. (11)

2.3. Loss Formulation

Inductor loss includes ferrite loss on the magnetic core and
copper loss dissipating on windings as follows by equation
(12):

APy :Pfe + Pey (12)

From [11] the core loss can be estimated by the following
equation (13):

Ve {ZW

2 2
b T Bt
B}, ' B3 ' BLSS

13)

where ay, by, c,ds is core loss coefficients
Subtituting (7) to (13), Pf. can be calculated in terms of A,
by following equation (14):

3 ;
Pfe:chA;;' ﬁ—wq

2 2
a72+b72+7+d2 Bac fsw
B TR T Es

(14)

The basic formula of the copper loss can be expressed as the
following equation (15):
Pew = Ryl :

rms

15)
Apply approximation methods, [9] reports a calculation of the
copper loss in terms of A, k, and J as following equation (16):

3
Py =ky A} X pyy X ky x J? (16)

where p,, is the resistivity of copper winding; p,, = 1.68 X
1078, k,, depends on types of cores, k,, = 8 with toroidal core.

3. Design Method

3.1. Design Constraints

The overall power dissipation of the inductor should be mini-
mized in order to maximize system efficiency. The inductor is
dropped by the DC bias as described in Section 2 for a given
input parameters (Viupp, Prate, Bm, AT), the tuning parameters
are 7, k, and x. Then, some additional constraints are applied
to optimize the design.

The first physical constraint is to limit the winding current
density in order to prevent overheating and damage to the
material or conductor. High current densities can result in an
increase in temperature, which can lead to thermal expansion,
changes in material properties, and even melting or breakdown

of the material [13], as shown in (17):
Jmin <J< Jmax (17)

Next the inductance value (L) in (9) needs to be limited to
obtain the design requirement given by (18):

L<Ly+5% (18)
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Then the inductance value at peak current should not decrease
more than 30% from the initial value, this inductance value is
limited by (19):

Ly >70% x L (19)

The window utilization factor (k,) needs to be limited to avoid
magnetic saturation of the core, which can result in increasing
loss of the inductor and an increase in winding resistance,
leading to decreased efficiency and potential damage to the
inductor [6], which should be restricted by (20):

ke o <k, <k

Umin —

(20)

Umax

The ratio of core loss to copper loss () in an inductor is an
important consideration for the efficient design of the inductor.
The range of this ratio needs to be limited by (21):
Ymin S Y § Yinin (21)
Finally, the range of W, to A ratio (x) is also considered be-
cause of the core geometry reality. By comparing several core

options, it was found that this ratio typically varies between 2
and 6 [9] and is shown in (22):

Xmin < X < Xax (22)

3.2. Objective Function

The primary purpose of this study is to design a lowest-lost
inductor. Therefore, the objective function is to minimize the
inductor loss. The equation (23) derives the objective function
equation from this study:

(7 kuyx)

Minimization of f must meet the predetermined constraints
as described in Section 3.1. Equations (24) contain constraints
that must be appropriate in this inductor design:

= AP,,; — min (23)

c1(Vykuyx) =J —Jpax <0
2 (Y, ks x) = Jpin —J <0
c3(Voku,x) =L—Lo-(1+5%) <0
ca(Yoky,x) =Lo-(1—5%)—L<0
(’)/,k,,,x)=7 9% x L—L, <0
c6(VykusX) = kuy — kumax <0 (24)
(}/,ku,x):kumm—k <0
cs(VokusX) = Yimin—Y <0
o (Vku,x) =¥ — Yinax < 0

c10(Ys kuy X) = Xymin —x <0

c11(YykuyX) = X — Xpax <0

Table 1 is a type of optimized design variables along with its
lower and upper bounds.

There are numerous methods that can be employed to address
the optimization challenges highlighted earlier. However, it is
important to note that the optimization function in question in-
volves a round-up or ceiling function, which renders it discon-
tinuous and non-differentiable at that point. As a result, the use
of explicit gradient-based techniques is not viable, and alterna-
tive approaches are required. One such alternative approach is

Table 1: Lower and upper bounds for genetic algorithm

Parameter Symbol  Lower Bound Upper Bound
Current density J 1 A/mm? 9 A/mm?
Window utilization factor ky 0.05 1
Core to copper loss ratio b4 0.5 5
W, to A, ratio X 2 6

Variable initialization

Mapping variable
into value range

Evaluation of
particle fitness

Determined the best
particle (pbest)

Satisfied? Update the.veloaty
of particle
Result Update the position | |
of particle

Figure 4: The flowchart of the PSO model

the use of heuristic techniques like the genetic algorithm (GA),
differential evolution (DE), and particle swarm optimization
(PSO), among others, as they can effectively tackle problems
that are not amenable to gradient-based techniques [14]. In
this particular study, the PSO approach was adopted due to
its simplicity, ease of implementation, and feasibility for the
problem at hand.

3.3. Principle of Particle Swarm Optimization

PSO is an optimization search algorithm based on swarm be-
havior. PSO is an algorithm based on population, exploiting
the population to find potential solutions in the search space.
The population is called a swarm, and the individual is called
a particle [15].

S ={x1,x,x3,...,x8} (25)

Xi = (xz'1,xz'27xz'3,---7xi1v)r €A (26)

The objective function is assumed to be available for all points
in space A, and the particles move in search space A with ve-
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Table 2: The PSO parameters.

Parameter Value
Number of particles 250
Number of optimized variables 3
Number of the maximum iteration 30
Cognitive parameter 3
Social parameter 3

Table 3: Specification parameters

Parameter Symbol Value Unit
Rated Power Prase 550 \\%
MPP Voltage Vinpp 45 \Y%

Switching Frequency Sfsw 30 kHz
Inductance Value L 120 uH
Peak Flux Density B, 500 mT
Temperature rise AT 40 °C

locity v;. The velocity and position of each particle are updated
interactively to allow the particle to find any point in space A.

Vi = (Vil,ViZ,Vi},...,ViN)T i= 1a29-~-9N (27)

The equations provided in (28) and (29) are the velocity and
position update equations for each particle. The velocity update
equation in (28) takes into account the best position (p;;) the
particle has ever obtained and the particle’s current position
(xij). The cognitive parameter (c;) and social parameter (c>)
weigh the influence of the particle’s current position and the
best position the particle has ever obtained, respectively. The
random variables R; and R, add stochasticity to the velocity
update equation (28):

vij(t+1) = vij(t) +c1Ri(pij(t) —xij(t)) + caRa(pij(t)

—xij(t)) 28)

xij(t +1) = xij(1) +vij(t + 1) (29)
After updating and evaluating the particles in each iteration, the
best position of the particles will be updated. This algorithm
has advantages such as a simple program, high-quality solution,
and fast convergence [15]. Figure 4 helps to visualize the flow
of the PSO algorithm.

3.4. Case Study

This design is applied to the boost DC optimizer circuit, with
the specifications shown in Table 3. The constraints are used
based on Equation (24), and the lower bounds and upper
bounds of each optimized design variables are presented in
Table 1. In contrast, the PSO parameters are shown in Table 2.
The flowchart of the entire design process is described in Fig.5.
The design problem is initialed by specifying the rated power
(Prare) and input voltage of the converter (V). Subsequently,
preliminary parameters such as the switching frequency, the
maximum flux density, the desired temperature, and the in-
ductance value are pre-selected. From the design’s core type
and material, the core’s characteristic parameters are extracted
to establish the loss model for the inductor. The constraints
of parameters are provided to ensure the design’s feasibility

Given Vinpp, Prate

Chose preliminary
parameters: fy, Al, By, AT
T

Choose type of
magnetic core

Determine core factor
kC' kw, a;, bi, Ci, di

A
Formulate fitness function
and constrains

Provide lower and upper
bounds for PSO

PSO optimization process

!

Output is the optimal
parameters y, k,, x

Select a suitable part
number core and AWG wire

Exist satisfied
core & wire?

Calculate other design

parameters

Figure 5: Design Process

and practicality. The loss model and the parameter constraints
are the inputs into the PSO algorithm to obtain the value of
7, k, and x. The satisfied core size and winding wire are then
derived from these values. The design process terminates when
the combination of a core and winding wire that satisfies the
design output is identified. Otherwise, the preliminary pa-
rameters or core type need to be re-evaluated and modified.
This iterative process continues until the final outcome is the
inductor with the lowest total loss.

4. Results, Comparison and Discussion

4.1. Optimization Result

The results of the design process are displayed in Fig.6. The
x-axis of Fig.6a represents the number of iterations that the
PSO algorithm has run for, while the y-axis of this figure 6a
represents the fitness of the best individual in the population at
each iteration. The fitness of the best individual in the popula-
tion generally improves over time as the PSO algorithm runs
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(a) The objective function value  (b) Optimization of positioning

Table 4: Calculated core parameters

Parameter Symbol Calculation  Unit
Core to copper loss ratio Y 0.537
Window utilizing factor ky 0.251
W, to A, ratio x 4.01
Window area product A, 4.263 cm?*
Inductance at initial Ly 127.94 uH
Inductance at peak current Ly 90.15 uH
Number of turns N 35 turns
Total loss Pt 3.380 W
Core loss Py, 1.202 w
Copper loss Py 2.178 w

and converges after about 30 iterations. These properties are
illustrated in Fig.6b which shows the 3D plot of the total loss
and the variables of a fitness function. It can be observed that
the cost of individuals in the 30" iteration is going forward
nearly on the point of the global best, which means the PSO
algorithm has found the optimal point.

The optimal fitness value, which corresponds to the minimum
inductor loss, is achieved at 3.380 W for a particular set of
parameters (7, k,,x) with values of (0.537, 0.251, 4.01). Table
4 shows other important parameters. The core MS-157075-2
of Micrometal manufacture and AWG 12 wire are selected to
match the above parameters.

4.2. Comparison

The comparison of proposed results is necessary to indicate
the differences between the conventional Ap method and the
given optimal method. The Ap method is illustrated clearly in

Chapter 9 in [6] with some suggesting parameters; typically,
the current density, the flux density, and the temperature rise
are selected by 400 A/ cm?, 0.5 T, and 40 °C, respectively.
Hence, the selection of core and wire is conducted through
the Ap value and Aw value. After calculating the Ap value of
approximately 3.2 and the Aw value of roughly 0.03, the core
MS-134075-2 and the AWG 13 are determined. Consequently,
the comparison is indicated in the table 5 and Fig.7. The results
show total loss of the traditional Ap method is more than the
optimal method by approximately 11.9 %, which proves the
efficiency of the given approach.

Table 5: Comparison of the given method and the proposed method.

Parameter The conventional The given
method method
Inductance at intial current 124.97 uH 127.94 uH
Inductance at peak current 76.96 uH 90.15 uH
Total loss 3782 W 338W
Comparison
4 3.782
3.38
3
2
" 2
k
1
1.202
0

The conventional method
M Copper loss

The proposed method
H Core loss

Figure 7: The losses of proposed method and conventional method

4.3. Simulation Results

To validate the designed inductors, a finite-element analysis
(FEA) was conducted using the ANSYS Maxwell version 18.0.
The FEA results indicated that the flux density within the
inductors exhibited a higher density towards the inner edge of
the core, while the outer edge had a lower density, as depicted in
Fig. 8. This phenomenon can be attributed to the flux seeking
the shortest path to flow. The peak flux density was observed to
be 562 mT, which satisfied the saturation condition. However,
this value exceeded the designed value of 500 mT by 12%.
This can be explained by the non-uniform distribution of flux
within the magnetic core. While the design value assumes a
uniform flux distribution throughout the magnetic core, it is
evident that the inside of the inductor has a higher flux density,
whereas the edge of the core has a lower flux density than the
design value.

Table 6: Calculation and simulation parameters

Parameter Symbol Calculation  Simulation
Inductance at initial Ly 127.94 uH 128.32 uH
Inductance at peak current L, 90.15 uH 93.20 uH
Core loss Pre 1.202 W 1.26 W
Copper loss P, 2178 W 2.19W
Peak flux density By, 500 mT 562 mT
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Figure 8: Simulation results with ANSYS Maxwell

Other key parameters, such as the inductance, copper and fer-
rite losses, were found to be almost identical to the designed
values. The comparison between the calculated and simulated
values is shown in Table 6. As demonstrated in this table, the
calculation parameters matched FEA results very well, with
the simulated inductance value of 127.94 pH differing only
0.3% from the expected value of 128.32 uH. Moreover, the
inductance value at peak current was observed to decrease to
72.6%, satisfying the DC bias constraint specified in Section
3.1. The prediction of inductor loss was also found to be close
to the FEA simulation results. Thus, based on these outcomes,
it can be confirmed that the magnetic models and optimization
strategy presented in the previous sections are reasonable.

5. Conclusion

This study proposes a novel methodology for designing and
selecting magnetic cores for DC power optimizers, which di-
verges from the traditional approach that relies on the Area
Product (A,) and requires multiple trial-and-error attempts to
arrive at the final design. The proposed approach employs two
critical starting parameters, namely the Core to DC Copper
Loss Ratio () and the Window Utilization Factor (k,), for
the inductor design process. Furthermore, to account for the
significant impact of DC bias on the inductor in high magnetic
field strength applications, the inductor’s loss model are for-
mulated using these variables. The PSO algorithm is utilized
to minimize the overall magnetic loss. The simulation results
validate that the magnetic models and optimization strategy
presented in this study are rational and highly effective. There-
fore, this methodology offers a more efficient and effective
approach for designing and selecting magnetic cores for DC
power optimizers than the traditional trial-and-error approach.
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