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Abstract—The dual three-phase permanent magnet synchronous
motor (DTP-PMSM) has wide applications in fields such as wind
power generation, electric vehicles, and flywheel energy storage.
Reducing the current harmonics of the DTP-PMSM is benefi-
cial for enhancing operational efficiency, diminishing noise and
vibration, and improving electromagnetic compatibility, which is
of significant importance for boosting the overall performance of
the system. This article focuses on the current harmonic minimum
pulse width modulation (CHMPWM) for the surface-mounted
DTP-PMSM with a 3L-NPC inverter and an output filter. Based
on the system model, the relationship between the switching an-
gles and the harmonic current of the motor is derived, and the
mathematical model of CHMPWM is established. Furthermore,
the optimal switching angles that minimize the current harmonics
can be obtained by solving the established optimization problem.
The proposed CHMPWM takes into account the effect of filter and
motor parameters on the current harmonic characteristics, which
is the main difference from the conventional CHMPWM. Simu-
lation and experimental studies were conducted on a 1 MW/40M.J
flywheel energy storage system, and the results show that compared
to sine PWM and space vector PWM, the current harmonics of the
proposed CHMPWM are reduced by more than 40% on average.
Compared to the conventional CHMPWM, the proposed CHM-
PWM further reduces the current harmonics by more than 20%
on average and exhibits good robustness to motor parameters.

Index Terms—3L-NPC inverter, current harmonic minimum
pulse width modulation (CHMPWM), dual three-phase permanent
magnet synchronous motor (DTP-PMSM), output filter.

1. INTRODUCTION

S AN important piece of power equipment in modern
A industry, the performance and efficiency of motors directly
affect the energy consumption and productivity of the whole
society. Dual three-phase permanent magnet synchronous motor
(DTP-PMSM) has the advantages of high torque density, low
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torque pulsation, high efficiency, and high reliability and has
been widely used in the fields of wind power generation, electric
vehicles, intelligent manufacturing, flywheel energy storage,
rectifier power generation for ships and vehicles, and permanent
magnet propulsion [1], [2], [3].

Current harmonics are one of the key indicators of the mo-
tor system, which will bring different degrees of harm to the
equipment and system. Many countries and regions have clear
requirements on the current harmonic content of the motor
system. Strict control of current harmonics in motor systems can
enhance machine efficiency, improve electromagnetic compat-
ibility, increase control precision, reduce noise and vibration,
prolong the lifespan of the machines, enhance the stability of
the system, etc., which is crucial for enhancing the overall
performance of the system [4], [5].

Pulse width modulation (PWM) is one of the core technolo-
gies in power electronics and directly determines the distribution
of current harmonics. PWM strategies primarily include sine
PWM (SPWM) [6], [7], space vector PWM (SVPWM) [8],
[9], intermediate 60° modulation [10], [11], selected harmonic
elimination PWM (SHEPWM) [12], [13], current harmonic
minimum PWM (CHMPWM) [14], [15], [16], and their re-
spective variants. SPWM and SVPWM are favored for their
clear principles and ease of engineering implementation, and
as such, they have been extensively researched and applied.
However, the harmonic characteristics of SPWM and SVPWM
are suboptimal due to the lack of consideration for system
characteristics. It is usually necessary to increase the switching
frequency to reduce the current harmonic. This design method,
which relies on improving the switching frequency to ensure
system performance, has great limitations, such as reducing the
system efficiency and power density, increasing the volume and
weight of heat dissipation components, shortening the service
life of power devices, etc [17].

Intermediate 60° modulation is mainly used in low carrier
ratio conditions, but it only ensures that the output fundamental
voltage is in accordance with the voltage command without any
optimization of the current harmonics [10]. SHEPWM com-
pletely eliminates a number of specified harmonics and is par-
ticularly suited to railroad traction systems because it achieves
complete elimination of low-frequency torque pulsations at low
switching frequencies. However, SHEPWM does not guarantee
that the current total harmonic distortion (THD) is minimized,
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and the lowest uncanceled harmonic content increases signifi-
cantly [18].

Current harmonic minimum pulse width modulation (CHM-
PWM) is a very promising PWM technique by establishing
the mathematical relationship between the switching angle and
the fundamental and harmonics of the current and then find-
ing the optimal solutions to make the system have the theo-
retical minimum current harmonics. Earlier CHMPWM used
the minimized weighted total harmonic distortion (WTHD) as
the optimization objective to calculate the optimal switching
angle, which is suitable for three-phase asynchronous motors
and three-phase surface-mounted PMSMs [19], [20], [21]. The
mathematical model of WTHD cannot describe the effect of
the salient pole characteristics on the harmonic currents of the
PMSM, so the literature [22] proposes the optimization index
of harmonic currents of the electrically-excited synchronous
motors by considering salient pole characteristics, which is
also applicable to three-phase PMSMs under zero d-axis volt-
age conditions. The authors in [15] proposed a CHMPWM
that simultaneously considers the salient pole characteristic
and the load angle, which further broadens its applicability to
PMSMs.

The mathematical model of DTP-PMSM is more complex
compared to three-phase PMSM, which creates a challenge
for accurate modeling of CHMPWM. A CHMPWM for DTP-
PMSM was proposed in [23] and considered the effects of the
salient pole ratio, the leakage inductance, and the load angle.
In [24], the difference between three-phase PMSM and DTP-
PMSM drives was analyzed, and a CHMPWM-based model pre-
dictive pulse pattern control (MP 3 C) scheme was proposed for
the DTP-PMSM. The two-level inverter without output filters,
which is widely used in all kinds of power electronic equipment,
was employed in [23] and [24].

CHMPWM has been extensively studied in recent years [19],
[20], [23], [25], [26], [27], [28], [29], [30], [31], which shows
thatitis quite meaningful work to study CHMPWM under differ-
ent topologies, filters, and load types. In this article, CHMPWM
is investigated for DTP-PMSM systems with 3L.-NPC topology
and various output filters, such as L, LC, LRC, LCL, and LRCL
filters. To the best of the authors’ knowledge, no similar research
work is available. The proposed CHMPWM can further reduce
the current harmonic content of DTP-PMSM systems, which is
especially suitable for application scenarios with stringent power
quality requirements, such as flywheel energy storage systems
that are currently booming.

In addition, the current THD constraint is an important factor
to be considered in filter design. By solving the filter parameter
optimization problem considering the current THD constraint,
the filter parameters with minimum cost/volume/weight can be
obtained. The proposed method can accurately calculate the
current THD under the specified filter parameters, which lays a
valuable theoretical foundation for the optimal design of filters.
However, it is important to note that designing the optimal filter
is acomplex task. The optimal switching angles, which influence
the current THD, are contingent on the filter parameters. As a
result, multiple iterations are necessary to achieve the optimal
filter design.
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Fig. 1. Surface-mounted DTP-PMSM system based on 3L-NPC inverter with
output filter.

The rest of this article is organized as follows. In Sec-
tion II, the mathematical model of CHMPWM for the surface-
mounted DTP-PMSM is established. In Section III, the calcu-
lation method of switching angles and performance analysis of
the proposed CHMPWM are provided. In Section IV, simulation
and experimental studies are performed to demonstrate the effec-
tiveness of the proposed scheme. Finally, Section V concludes
this article.

II. MATHEMATICAL MODELING OF CHMPWM FOR
SURFACE-MOUNTED DTP-PMSM

A surface-mounted DTP-PMSM system based on a 3L-NPC
inverter with an output filter is shown in Fig. 1. The DTP-PMSM
is composed of ABC winding and XYZ winding, both of which
are connected in a star shape, and the center points are isolated
without grounding. The A phase leads the X phase by 30°
electrical degree. The mathematical model of the system shown
in Fig. 1 is given as

uo = ug + uUno (1a)
u, = G lug (1b)
us = Ry + 00 (10
Wy = Lgis + 1595 (1d)

where
o = [Ua0, upo, Ucro, Ux/0, Uy'0; Uz/0) (2a)
U, = [UAN,, UB'Ny , UCINy 5 UXING , Uy TNy UzrN, ]| (2D)
Ug = [UAN, ; UBN;, UCN, s UX Ny s Uy Nys UZN,) (20)
UNO = [UN,0, UN, 05 UN, 0 UN, O UN; 05 UN,0) T (2d)
is = [ia,iB,ic,ix, iy, iz]" (2e)
W, = [a, ¥, Yo, bx, Yy, ¥z]" (2f)
Rs = R:le (2g)
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and

2 2
Vs = {COS 0, cos (98 - ;) , COS (98 + ;) ;
™ 5m T T
cos (0.~ §) eon (0.~ ) seos (0 )

L L
Ls = |: LSlS1 LSlS2 :| s Lsas2 = Lis1s1, Lis2s1 = LzlSZ
s2sl s2s2
1 1
11 2 73
Lsis1 = Laa1ls + Laadq | =3 1 —3
_i 1
2 2
3 3
2 2
Ls1s2 = Laadq 0 § _§ ’ ®)
_V3 V3
2 2

In the above equations, u. is the output voltage vector of the
inverter relative to the inverter midpoint O. u is the output
voltage vector of the inverter relative to the neutral points Ny
and Ny of ABC and XYZ windings. ug is the phase voltage
vector of the DTP-PMSM. G is the transfer function, which is
determined by the output filter and the motor parameters. uno is
the voltage vector between N1, No, and O. i is the phase current
vector of the DTP-PMSM. Wy is the magnetic flux vector, Rg
is the resistance matrix, Lg is the inductance matrix, vs is the
magnetic flux coefficient vector, v is the permanent magnet
flux linkage, and R is the phase resistance. 6. is the electrical
angle, i.e., the angle between the N-pole of the rotor and the
axis of the A-phase winding. I and I3 are the 6th and 3rd order
identity matrices, respectively. Lg151 is the inductance matrix
of the ABC winding; Lgagso represents the inductance matrix
of the XYZ winding; Lg1s2 and Lgag1 represent the mutual
inductance matrices between the ABC and XYZ windings. L1
is the leakage inductance, and L 444 is the main self-inductance
in the dg-axis.

For the system shown in Fig. 1, the inverter output voltage u’ o
using CHMPWM has the characteristics of half-wave symme-
try and quarter-wave symmetry and only contains (6k 4 1)th
harmonic (k =1,2,3,--). Therefore, u,, can be described
as [24]

o0
Uao = Z U, sin(nb,)
n=1,5,7,--
- . 2w
ugo = Z U,, sin {n (01 — 3)]
n=1,57,
> . 21
ucro = Z U,sin [n | 01 + 3
n=1,5,7,
uxo = Z Un sin(nﬁg)
n=1,5,7,
- . 2w
uyro = Z U,sin |n | 0y — 5
n=1,5,7
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Fig. 2. A-phase voltage pulse waveform of CHMPWM.

- 2
uzo= 3 Upsin [n <92 n ;)] 4)
n=1,5,7,-
where 01 = wet, 05 =6, — 7/6, w, is the electrical angular
speed, n is the harmonic order, U,, is the amplitude of the nth
harmonic voltage and is expressed as [32]

N
U, = 2V > (1) cos(nay) (5)

i=1

nm

where Uy, is the dc bus voltage, IV is the number of switching
angles between 0° and 90°, corresponding to a carrier ratio of
2N + 1, «; is the switching angle of the ith switching event.
The waveform of the A-phase voltage pulse is shown in Fig. 2.

According to the principle of constant magnetic potential [33]
and combining (1) and (4), the voltages of the DTP-PMSM under
af coordinates can be transformed to the following expressions:

Uq1 = GU; sin 0y + GZ{U,; sink, + U,j sin k:;l}
k=1

o0
ug1 = —GUj cos by + GZ{U,; cosky, — U,t cos k:g“l}
=1

Uao = GUp sin 6y + GZ{U,; sinky, + U,:' sin ka;}
k=1

upy = —GU; cosby + G > _{U, cosk,, — U cosky,} (6)

k=1
where
U]; = Ugk_1, U,:'_ = Usk+1 (7a)
kg, = (6k — 1)01, ky, = (6k — 1)02 (7b)
kg, = (6k +1)01,kj, = (6k +1)0; (7¢)

and 1,1, ug1 are the voltages of ABC winding, and w2, ug2 are
the voltages of XYZ winding.

The angular relationships in different coordinate systems are
shown in Fig. 3, where v, is the angle between the phase voltage
vector ugy of the ABC winding and the d axis. Therefore, we
can get

b= 00— — 3 ®

As CHMPWM is mainly used at medium and high speeds,
the phase resistance R in (1) can be neglected approximately.
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Fig. 3. Angular relationships in different coordinate systems.

Therefore, the relationship between the output current and volt-
age can be expressed as follows:

o = L1 U(us n wewfﬁs)dt] ©)

where

2 2
/65 = [Sinoeysin <0€ - ;r> 7Sin (06 + ;) )

. 0 . T . 17
,sin (06 — E) ,sin (96 — 6) ,sin(f. + 2)} . (10)

Define the Clarke transformation matrix Tgg as

1 -1 _1
T3 03 2 2 2
Tes = s ,Tas == V3 _ V3 11
¢ {03 T3J 73 g T2 b
2 2 2

where Og is the third order zero matrix.
Combining (9) and (11), the relationship between the output
current and voltage in «-axis can be expressed as

ingo = L / Uagodt + wetry My / Bt (12)

where
T

UnpBo = [ualauﬁlvuolvuoﬁauﬁQ»UOZ] (133)

. . . . . . . 1T

laBo = [ZozlvlﬁlazolaZQQ)Z[}Q?ZOZ] (13b)

—1m-1 ~1

L]_ = TGSLS TGS s M]_ = TGSLS (13C)
and u,1, Ue2, To1, L2 are zero-sequence voltage and current com-
ponents.

Combining (6), (8), and (12), the mathematical relationship
between the output current and voltage of ABC winding in the
two-phase stationary coordinate system can be derived as

. g N

iF = ~ oL [GUicosty — dgwe sin(yy — 61)]

. o .

if = ol [GU; sin by — 9w, cos(v, — 61)]  (14)
and

G 00 U- U+

H k - k +
N k:§5 (Gk —1 R F g o 91)

+o i Uy cosk’—r-Uiljcoslfr
e \Gk =177 Gk
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Fig. 4. Equivalent circuit of the system with the LRCL filter.

G - . n
H - k +
i3, = sink sink
P weLaat kzgs <6k 177 6k +1 91)

00 - +
E i 1=
+0o g (Gk_lbln 01 6/€+1bmk2_1>
k=2,4,6

15)

where i%,,if, are the fundamental currents, i, i%; are the
harmonic currents, and
Laal
o= —"": (16)
Laal + 3Laadq
According to (15), the amplitude of the nth harmonic current
can be derived as follows:

‘ GU,
n = nwe Ly an
where
Loa1, (n=6k+1,k=1,3,5---)
Ly =

Loo1 +3Laadq, (n=6k+£1, k=2,4,6,---)
(18)
The transfer function G is dependent on the type of the output
filter. The equivalent circuit of the system with the LRCL filter
is shown in Fig. 4, and other types of filters can be regarded as
special cases of the LRCL filter, such as L, LC, LRC, and LCL.
According to Kirchhoff’s laws, the following relationship can
be derived:
sLyiin +GU, U, — (sLpiin, + GU,)
TR L
f + sCy Sbf
where Ly and Ly, are the filter inductances, 12y is the damping
resistance, and C'; is the filter capacitor. Combining (17), (18),
and (19), the transfer function GG can be solved as follows:
Bos + By

19)

in

O = dos + Ars + A 0
where
Ag=CyLyLy+CyLyLy
Ay = CyLarRy + CyLiRy + Cy Ly Ry
Ay =Ly +Ls+Lp
By = CyLy R,
By = L. Q1)

Define G;f as the amplitude gain of G at frequency w = (6k +
1)we. According to (20), we have

2
GfZ\/( (Bow)? + B2 )

Ay — Agw?)? + (A1w)?
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Substitute (20) into (15), and we can derive the harmonic current
RMS value as follows:

, 1
s = N Jy (23)
where
. o0 2 o0
T = \/ Zkzl,w’m Cr+o Zk:sz,--A Cr  (24)
GiUS\® | (GiUFY
_ : 24
Cr <6k—1> TGkt 1 (24b)

To minimize the THD of all harmonic currents, the current
THD is defined as

Ju (25)

THD = s _ 1 !

Z.gMS ing \/EweLaal
where i), ¢ is the RMS value of fundamental current. Consid-
ering that 1/(v/2weLaq1) is a constant for a specified working
condition and Jyy is proportional to the current THD. Therefore,
Jm can be seen as equivalent to the current THD in the steady
state. Then, the mathematical model of CHMPWM for the
surface-mounted DTP-PMSM system with a 3L-NPC inverter
and output filters can be set up as

min : Jy

N .
s.t.: > (1) cos(ai) = 2%{; =m
0<ap<ap < - <ay <3

(26)
where m € [0, 1] is the modulation ratio.

III. SWITCHING ANGLE CALCULATION AND PERFORMANCE
ANALYSIS

According to (22), (24), and the mathematical model of CHM-
PWM shown in (26), the optimal switching angle a(m,w,) =
[a1, g, . .., ay] depends on the modulation ratio m and the fun-
damental frequency w.. Algorithm 1 provides the pseudocodes
for solving the optimal switching angle .

A. Performance Analysis Using an L Filter

For the convenience of comparison with the existing CHM-
PWM algorithms, the output filter is selected as an L filter, and
(22) can be simplified as
Ly
L M+ L f
which is independent of w,. In this case, the optimal switching
angle only depends on the modulation ratio m. Rewrite (25) and
(24), we can get

1 1

Gy (27)

THD = - Ji (28a)
Zng \/Qwe(Laal =+ Lf)
_ o 2\
I =[S o2 Y G (80)
Us \? Ut o\’
Cho = k k 28
K0 (Gk—l) +<6k+1> (28¢)
L L
aal T f (28d)

h= Laal + 3Laadq + Lf .
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Algorithm 1: Pseudocodes for Solving the Optimal Switch-
ing Angle of the Proposed CHMPWM.

\\ Harmonic order up to 200;
1: forw, = we1,We2, - - ., Weps do
for m = 0.01,0.02,...,1do
Set Jp(m,w,) = o0;
for j =1,2,...,500do
Initialize &/ (m, w. ) randomly and ensure
0<ap < <---<ay<g;
6: Solve o/ (m, w,) and .JJ, (m, w,) for the
optimization problem (26) using the *fmincon’
function in Matlab;

7: if 77, (m,we) < Ju(m,w,) then
8: Set J (m, we) = Ji (m,w,) and
a(m,w.) = al (m, we);
9: end if
10: end for
11: end for
12:  end for

13:  Store all solved optimal switching angles.

80

60

a(deg)
a(deg)

40

20 v proposed CHMPWM
o conventional CHMPWM

N=3
80 i y
53 Ty, g8 S
S0 R
20 T
Rl Ws
0
0 02 04 06 08 1 0 02 04 06 08 1
m m
Fig.5. Optimal switching angles of the proposed and conventional CHMPWM

using an L filter with different V.

In [20], the objective function Jzz .o, Of the conventional CHM-
PWM was derived based on WTHD, as follows:

> r0a C
k=1,2,3,. KO"

It can be seen that compared with the objective function Jx¢on .,
the proposed objective function Jg considers the influence of
the dg-axis main self-inductance L,q, and the filter parameter
Ly on the current THD. Therefore, for the surface-mounted
DTP-PMSM system based on the 3L-NPC inverter with output
filter, the minimization of the objective functions Jg.ony 1S
not equivalent to minimizing the current THD. If other types
of filters as shown in Fig. 1 are employed, such as LC, LRC,
LCL, and LRCL, the conventional CHMPWM in [20] not only
cannot minimize the current THD, but also may cause resonance
problems due to the presence of filtering capacitors.

Fig. 5 shows the optimal switching angles of the proposed
and conventional CHMPWM using an L filter with different NV,

JHcon'U = (29)
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m

Robustness of the proposed CHMPWM to the main self-inductance

Laadq using an L filter with different V.
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Fig. 7. Objective function value Jg; of the proposed CHMPWM using an L
filter with different N and Lgq4q-
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Fig. 8.  Objective function value Jg of the proposed CHMPWM using an

m

LRCL filter under different conditions.
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Fig. 9. Robustness of the proposed CHMPWM to leakage inductance Lgq1
using an LRCL filter under different conditions.

TABLE I
MAIN PARAMETERS OF THE FLYWHEEL ENERGY STORAGE SYSTEM

Parameters Value

Rated speed 13000 r/min
Rated torque 735 N-m
Rated power 1 MW
Rated energy 40 MJ
Rated current 420 A
Number of pole pairs 2

Nominal stator resistance R 0.004 Q

Nominal rotor PM flux linkage ¢ 0.2045 Wb
Nominal leakage inductance L, 56.87 uH
Nominal main self-inductance Lguq, 43.13 pH

Nominal filter inductance Ly 30 pH
Nominal moment of inertia of rotor ~ 43.2 kg-m?
DC link voltage 1500 V
Number of switching angles N 11

where the results of the proposed CHMPWM are obtained based
on the DTP-PMSM system parameters shown in Table I. It can
be seen that the optimal switching angles of the two methods
are discontinuous throughout the entire modulation ratio range
in the N > 2 case. Moreover, the optimal switching angles of
the two methods are consistent when N = 1. As N increases,
the distribution difference of the switching angles gradually
increases.

The objective function value defined in (28b) depends on
the parameter j, which is decided by Lsadg, Laa1, and Ly
according to (28d). Fig. 6 provides the robustness of the proposed
CHMPWM to the main self-inductance L4, using an L filter
with different NV based on the parameters listed in Table I.
The objective function values are all calculated via (28b) using
Laqaq = 1.0 p.u., which is the actual evaluation of harmonic
characteristics. In the Lyqqq = 1.0 p.u. case, the Jg value of
the proposed method is significantly smaller than that of the
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TABLE II
FILTER PARAMETERS AND CHARACTERISTICS

Parameters

Characteristics for k =1,3,5,---

Characteristics for k = 2,4,6, - --

Types

RiImQ | CfIuF | Ly/pH | F./kHz

M,./dB F./kHz F../kHz | M,./dB F./kHz

LC 30 1.1 70 0 4.29

49.97 6.67 3.74 53.55 5.81

LRC 30 31.1 70 0 4.29

20.96 6.67 3.74 24.53 5.82

LCL 30 1.1 70 30 4.03

47.95 6.26 3.71 52.50 5.76

4.03

LRCL 30 31.1 70 30

18.94 6.26 3.70 23.49 5.76
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Fig. 10.  System control structure diagram.

conventional method, and even in some modulation ratio inter-
vals, the reduction amplitude approaches 50%, which means that
the new method can significantly reduce the harmonic content.
Moreover, it can be seen that even when mismatched parameters
are used to calculate the optimal switching angles, the actual
objective function value Jy is still less than the conventional
CHMPWM, which shows that the proposed method has favor-
able robustness.

Further analysis shows that as L4, is close to 0, the Jg
value also gradually approaches the objective function value of
the conventional CHMPWM. However, this change is not linear
relative t0 Lqq4q. Taking the case of Lyqqq = 0.03 p.u. as an
example, when N = 3 or N = 4, the Jy value is very close to
that of the conventional CHMPWM. However, when N = 7 or
N =11, there is a significant deviation from the Jy value of
the conventional CHMPWM near m = 0.3. This phenomenon
is indeed difficult to explain accurately. One possible reason is
that the mathematical model of CHMPWM is rather complex,
especially when the number of switching angles N is large, its
complexity is further increased. In some cases, even if the two
sets of parameters L, qq4 are close, the optimal solutions and the
corresponding objective function value .J;; may have significant
differences.

Fig. 7 shows the objective function value Jy of the pro-
posed CHMPWM using an L filter with different N and L qq4-
It is obvious that Jy is inversely proportional to the main
self-inductance L 444, Which means that the harmonic content
increases with the decrease of Lqqdq-

B. Performance Analysis Using an LRCL Filter

Fig. 8 shows the objective function value Jy; of the proposed
CHMPWM using an LRCL filter under different conditions, in
which the base values of the fundamental frequency w, and the
LRCR filter parameters are shown in Tables I and I, respectively.
When the filter capacitance C'y of the LRCR filter is increased,
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Fig. 11. Performance comparison of different modulation strategies at
speed n = 0.5 p.u. (a) SPWM (THD=3.84%). (b) SVPWM (THD=3.78%).
(c) Conventional CHMPWM (THD=2.57%). (d) The proposed CHMPWM
(THD=1.84%).

the cutoff frequency decreases and the harmonic suppression
ability is enhanced by the characteristics of the filter, so that the
objective function value Jy decreases with the increase of C.
In addition, as w, increases, the harmonic frequencies increase
simultaneously and the harmonic can be more easily filtered out
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due to the constant cutoff frequency of the filter. Therefore, when
the filter parameters remain unchanged, the objective function
value Jp; decreases as w, increases.

Fig. 9 provides the robustness of the proposed CHMPWM to
leakage inductance L,,; using an LRCL filter under different
conditions, in which the base values of w,, the leakage induc-
tance L., and the LRCR filter parameters are listed in Tables I
and II. Define ﬁaal as the mismatched leakage inductance and
ALgu1 = Laa1 — ﬁaal. It can be seen that the objective function
Jg is close to the optimal value when the leakage inductance
L4471 has a mismatch of +0.5 p.u. or —0.5 p.u. at different funda-
mental frequencies. This indicates that the proposed CHMPWM
has good robustness to Lgq1 -

In addition, compared to SPWM and SVPWM, the main
limitations of CHMPWM are manifested in the following four
aspects.

1) The implementation in engineering is more complex and
its dynamic performance is not as good as that of SPWM
and SVPWM.

2) It can only be applied under medium to high rotational
speeds.

3) When the type or parameters of the load change, it may
be necessary to recalculate the optimal switching angles.

4) Storing the optimal switching angles requires a certain
amount of memory resources.

However, the main advantage of CHMPWM is that it has the
minimum current THD at the same carrier ratio, which is of
great significance for some applications that require low current
THD.

IV. SIMULATION AND EXPERIMENTAL STUDIES

In the simulation and experimental studies, a flywheel energy
storage system with a capacity of 1 MW/40MJ is taken as
the research object. The main parameters are listed in Table 1.
Since the system has high requirements for current harmonics
and takes into account constraints such as heat dissipation and
efficiency, the number of switching angles is selected as 11.

Fig. 10 provides the system control structure diagram. Speed
control and current control are implemented in Digital Signal
Processing, while the CHMPWM algorithm is implemented in
Field-Programmable Gate Array (FPGA). The subscripts “1”
and “2”, respectively, denote the corresponding state variables
of the two sets of windings in the ABC and XYZ frames.
The phase-locked loop (PLL) is used to achieve high-precision
reconstruction of the position signal, thereby enhancing the
performance of CHMPWM [34]. The optimal switching angle
« is calculated offline by Algorithm 1. When the output filter
has a filtering capacitor, « is a function of the modulation ratio
m and the electrical angular velocity w.. When an L filter is
used, « is solely determined by m. « is stored in a table format
in the flash memory, and is obtained through the table lookup
method in practical applications. Ultimately, the drive pulses are
generated by the PWM generator.

Compared to SPWM and SVPWM, the implementation com-
plexity of the proposed CHMPWM is primarily manifested in
three aspects. First, it needs to calculate the optimal switching
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Fig. 12. Performance comparison of different modulation strategies at
speed n = 1.0 p.u. (a) SPWM (THD=3.88%). (b) SVPWM (THD=3.20%).
(c) Conventional CHMPWM (THD=2.95%). (d) The proposed CHMPWM
(THD=2.34%).
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Fig. 14. Performance comparison with different types of filters at speed

n=0.5 pu. (a) LC (THD=1.48%). (b) LRC (THD=1.17%). (c) LCL
(THD=1.16%). (d) LRCL (THD=0.74%).

angle offline and recalculate it when the load type or parame-
ters change. Then, in terms of engineering implementation, the
optimal switching angles need to be stored in flash memory and
obtained in real-time through a look-up table, which will take up
some storage resources. Taking N=11 as an example, when the
step size of the modulation ratio m is 0.01 and an L filter is used,
at least 2200 b of storage space is required. More storage space
will be occupied when there are filter capacitors, depending on
the choice of the step size of the electrical angular velocity
we. Finally, a PLL is used in the implementation to improve
the performance of the CHMPWM, which also consumes some
computational resources.

A. Simulation Results With an L Filter

The performance of the proposed CHMPWM, SPWM,
SVPWM, and conventional CHMPWM is analyzed and
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Fig. 15. Performance comparison with different types of filters at speed
n=1.0 pu. (a) LC (THD=1.18%). (b) LRC (THD=0.93%). (c) LCL
(THD=0.88%). (d) LRCL (THD=0.72%).

evaluated when an L filter is used. The carrier ratio for both
SPWM and SVPWM is 23, and the number of switching angles
for both the conventional and the proposed CHMPWM is 11.
The four PWM strategies have the same equivalent switching
frequency.

Figs. 11 and 12 show the performance comparison of current
waveforms and harmonic content of the four modulation strate-
gies under different operating conditions. At speed n = 0.5 p.u.,
the current THD content of SPWM, SVPWM, the conventional
CHMPWM, and the proposed CHMPWM are 3.84%, 3.78%,
2.57%, and 1.84%, respectively. At speed n = 1.0 p.u., they are
3.88%, 3.20%, 2.95%, and 2.34%, respectively.

According to the objective function (24a), it can be seen that
the optimization results of the proposed CHMPWM depend
on the accuracy of the parameter ;1 defined in (28d), which is
decided by Ly, Lqq1, and Lgqq4. Considering that parameter f
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Fig. 16. Current THD comparison for the five types of filters from speed
n=0.5pu.ton =1.0p.u

can be varied between 0 and 1 by varying L4444, the robustness
of the proposed CHMPWM to parameter L,q4q is investigated,
just as shown in Fig. 13. When the parameter L4, iS accurate,
the current THD of the proposed CHMPWM is reduced by an
average of 46%, 40%, and 24% compared to SPWM, SVPWM,
and the conventional CHMPWM from speed n = 0.5 p.u. to
n = 1.0 p.u., respectively. When parameter L,qq has a devi-
ation of —50% or +100%, the current THD of the proposed
CHMPWM is still significantly smaller than the other three
traditional modulation strategies.

B. Simulation Results With Other Types of Filters

Simulation studies are carried out for other types of filters.
The filter parameters and characteristics are shown in Table II,
including LC, LRC, LCL, and LRCL. The optimal filter param-
eter design needs to comprehensively consider constraints such
as cost, volume and weight, filtering effect, reactive current,
damping resistance loss, resonant frequency, and so on. The
design process is complex and not the focus of this article,
so it is not introduced in detail. The filter parameters given in
Table II are simple and feasible combinations, mainly to verify
the performance of the proposed CHMPWM under different
filters. The internal resistance of the filter capacitor is 1.1 m{2,
and F).., M,., and F, are the resonant frequency, resonant peak,
and cutoff frequency respectively. In combination with Fig. 4 and
(18), it can be seen that the filter characteristics are related to the
harmonic order, which is the main difference from traditional
filters. The optimal switching angles are calculated according to
Algorithm 1 and the step size of the electrical angular velocity
we 1s selected as 0.05 p.u.

Figs. 14 and 15 show the performance comparison with
different types of filters under different operating conditions.
At speed n = 0.5 p.u., the current THD content using LC, LRC,
LCL, and LRCL filters are 1.48%, 1.17%, 1.16%, and 0.74%,
respectively. At speed n = 1.0 p.u., they are 1.18%, 0.93%,
0.88%, and 0.72%, respectively. The proposed CHMPWM can
suppress the harmonic around the resonance frequency even
without damping resistors. The current THD is further reduced
with the use of damping resistors.
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PWM (THD=3.51%). (b) The proposed CHMPWM (THD=2.42%).

Fig. 16 provides the current THD comparison for the five
types of filters from speed n = 0.5 p.u. ton = 1.0 p.u. It can be
seen that the current THD content of the L filter is the largest.
When a filter capacitor is used, the current THD is less than
1.5%, especially the current THD of the LRCL filter is less than
1%.

Given that the optimal switching angles are influenced by the
filter parameters, the patterns applied for each filter are different.
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Fig. 19. Experimental results at speed n = 0.75 p.u. (a) Conventional CHM-
PWM (THD=3.30%). (b) The proposed CHMPWM (THD=2.45%).

Consequently, the comparisons presented in Figs. 14, 15, and 16
are useful only for selecting between different types of filters.

C. Experimental Results

The flywheel energy storage system consists of an inverter
with dual three-phase 3L-NPC topology, an L filter, and a
surface-mounted DTP-PMSM. It is mainly used in rail trans-
portation, power grid frequency modulation, and other fields.
The accompanying test equipment mainly includes an oscillo-
scope and a computer. The entire experimental platform is shown
in Fig. 17. When the flywheel energy storage system is charged
or discharged at rated power, its speed always changes, so there
is no real steady state. Considering that the flywheel has a large
moment of inertia (43.2 kg-m?) and the speed changes very
slowly, the system can be considered to be in an approximate
steady state in several fundamental wave periods, and the output
current can be analyzed by Fourier transform.

Figs. 18, 19, and 20 show the experimental results of the
conventional CHMPWM and the proposed CHMPWM under
three different working conditions. At speeds of 0.5 p.u., 0.75
p-u., and 1.0 p.u., the current THD of the conventional CHM-
PWM is 3.51%, 3.30%, and 4.27%, respectively. The current
THD of the proposed CHMPWM is 2.42%, 2.45%, and 2.73%,
respectively. Compared with the conventional CHMPWM, the
proposed CHMPWM has a smaller current THD and a relatively
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Fig. 21.  Current THD comparison from speed n = 0.5 p.u. ton = 1.0 p.u.

even harmonic distribution with smaller single-current harmon-
ics.

Fig. 21 provides the current THD comparison of the con-
ventional CHMPWM and the proposed CHMPWM from speed
n = 0.5 p.u. to n = 1.0 p.u. It can be seen that the proposed
CHMPWM always has a smaller current THD and is reduced
by an average of 26% compared to conventional CHMPWM,
which is very close to the simulation result of 24%.

It should be noted that the current THD of the actual system
is higher than the simulation results, which is mainly caused by
three factors: 1) mismatch of system parameters; the parameters
used for simulation are matched with the set system parameters.
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However, when the parameters used for the experiment do not
match the actual system parameters, the harmonic characteristics
of the CHMPWM degrade, as shown in Figs. 6 and 13. In
addition, the performance of the current controller designed
based on the motor parameters cannot be optimized; 2) dead time
effect. The dead time compensation algorithm based on current
polarity judgment is used in both simulation and experiment.
However, due to the current sensor accuracy, sampling delay, and
other factors, the current information obtained in the experiment
is not as accurate as in the simulation, which in turn reduces
the dead time compensation effect and increases the current
harmonic content; 3) the delay of the actual control system.
It mainly includes the sampling link delay of motor current
and rotor position, communication delay between master and
slave controllers, etc., which will negatively affect the control
performance and the current THD.

In summary, compared with SPWM, SVPWM, and the con-
ventional CHMPWM, the proposed CHMPWM can further
reduce the current harmonics, and it is of great significance to
improve power quality, reduce harmonic loss, and improve the
comprehensive performance of the system.

V. CONCLUSION

This article proposes a novel CHMPWM suitable for the
surface-mounted DTP-PMSM system with a 3L-NPC inverter
and an output filter. The primary difference between the pro-
posed method and conventional CHMPWM lies in the consid-
eration of the system parameters, which theoretically results in
superior harmonic characteristics. Simulation and experimental
results indicate that the proposed method significantly reduces
the current harmonic content compared to SPWM, SVPWM,
and conventional CHMPWM while also demonstrating good
robustness to system parameters. Future work will primarily
include the analysis of the dead time effect and minimum pulse
width limitation on current harmonic properties, along with the
development of compensation methods. In addition, the perfor-
mance analysis of the modulation strategy under high-dynamic
operating conditions will be conducted.
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