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Abstract: This paper provides theoretical and experimental discussions on the characteristics of the
modular multilevel converter (MMC) when phase-shifted carrier sinusoidal pulse-width modulation
(PSC-SPWM) is applied. Harmonic-cancellation characteristics of output voltage and circulating
current are analyzed on the basis of a general implementation of PSC-SPWM with two freedom
displacement angles. Five available PSC-SPWM schemes with different carrier displacement angles
were obtained, and a detailed performance comparison about output voltage and circulating current
harmonic characteristics is presented. On the basis of the equivalent circuit with ideal transformer
representation of the SMs, capacitor voltages affected by PSC-SPWM schemes are also briefly
analyzed. The proposed PSC-SPWM schemes can unify two different cases of odd and even SM
situations for output voltage and circulating current harmonic minimization, respectively. Lastly,
the optimal schemes for practical MMC application were verified by simulation and experiments on
an MMC prototype.

Keywords: modular multilevel converter (MMC); phase-shifted carrier SPWM (PSC-SPWM);
displacement angle; harmonic characteristics; capacitor voltage

1. Introduction

The modular multilevel converter (MMC) has been widely studied because it presents great
advantages such as a transformer-less and modular structure, common DC bus, and good harmonic
characteristics [1-3]. These advantages make MMC the most attractive topology for various medium-
and high-voltage, high-power applications, such as high-voltage direct-current (HVDC) transmission
systems [4,5], static synchronous compensators (STATCOM) [6,7], high-voltage isolated DC/DC [8],
and medium-voltage motor drive [9-12].

The MMC allows for the flexible selection of inserted submodules (SMs), so there are various
modulation methods that directly affect the harmonic characteristics of output voltage and circulating
current. The staircase wave-modulation methods in [13] are preferable in applications that require
an extremely high number of SMs, such as HVDC applications. Some optimization schemes for
reducing power losses are mentioned in [14,15]. The selective harmonic eliminating modulation
technology [16], space vector pulse-width modulation (SVPWM) [17,18], and phase-shifted carrier
sinusoidal pulse-width modulation (PSC-SPWM) technology [19-23] are also considered as modulation
methods for MMC applications that need fewer submodules. Among these methods, PSC-SPWM
technology is more used for fewer SMs. Each power unit has the same switching frequency with
PSC-SPWM, which is a benefit for heat-dissipation structure design. When PSC-SPWM is applied,
the output voltage of MMC, as shown in Figure 1, has N 4+ 1 or 2N + 1 levels with different
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displacement-angle assignments between the carriers of each SM [21]. The displacement angle affects
the harmonic characteristics of output voltage and circulating current. An available implementation
scheme of PSC-SPWM technology for MMC was presented in [22]. The displacement angle is set to
/N when N is even, and 0 when N is odd for maximal harmonic cancellation of output voltage.
On the other hand, to achieve the greatest harmonic cancellation of circulating current, the displacement
angle should be 7t/N when N is odd, and 0 when N is even. However, the angle irregularly changes
according to the parity of SM number. Furthermore, how the displacement angle between the adjacent
SMs in the same arm influences the performance of harmonics and the voltage-balancing issue of
capacitors is not considered. Energy distribution is only relatively balanced between submodules when
the right displacement angle is selected. Four available PSC-SPWM schemes were presented with
performance comparison about output voltage and circulating current harmonic characteristics in our
previous paper [23], whereas the selection of displacement angle does not give theoretical derivation.
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Figure 1. Structure of three-phase modular multilevel converter (MMC).

This paper presents a theoretical derivation of displacement-angle selection based on
harmonic-cancellation characteristics. All possible solutions for harmonic cancellation were obtained,
and the optimal PSC-SPWM schemes were selected on the basis of harmonic-cancellation characteristics
and voltage stability. The proposed PSC-SPWM schemes unify two different cases of odd and even SM
situations. The rest of the paper is organized as follows: In Section 2, the MMC topology is introduced,
and the mathematical model is established. Then, a general PSC-SPWM scheme with two freedom
displacement angles (displacement angle between adjacent SMs in the same arm, and the displacement
angle between top and bottom SMs) is presented in Section 3, and optimal PSC-SPWM schemes for
MMC were obtained on the basis of mathematical analysis of the harmonic-cancellation characteristics
of output voltage and circulating current affected by the displacement angles. Moreover, the capacitor
voltage of SMs affected by displacement angles was analyzed on the basis of the equivalent circuit
with the ideal transformer representation of the SMs in this section. Section 4 gives the simulation and
experiment results with a detailed performance comparison about the characteristics of output voltage
and circulating current, which show that the selected displacement-angle assignment was the most
suitable PSC-SPWM scheme for practical MMC application. Lastly, conclusions are summarized in
Section 5.

2. Basic MMC Operational Principle

2.1. MMC Structure

A schematic diagram of a three-phase MMC is shown in Figure 1. The main circuit consists of
six arms. Each arm is composed of N half-bridge SMs, which are connected with a separated arm
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inductor in series. Each SM is formed by a DC capacitor Cgys and two power switches. Three-phase RL
load is respectively connected to the midpoint of three phases.

2.2. Model of MMC

The mathematical model of MMC can be obtained by Kirchhoff’s voltage law and Kirchhoff’s
current law as

— osub sub 2L diz/f
UDC = Vi i+ Uor + 2Larm—2= )
L 1( sub _ _sub ) _ lL dls,]'
Usj = 5 Upot,j ~ Ytop, o harm =

where v?cﬁ‘r’f’ i v%f/ j are voltages across N top SMs and bottom SMs in phase j (j € {a,b, c}), respectively.
v, 15 j are the output voltage and current of phase j , respectively. Lay is arm inductance, and vpc is
the DC-link voltage. The circulating current circulates through both the top and bottom arms of phase

j, which is expressed as
, 1/. .
Zz,j = § (Ztop,j + lbot,j) (2)
where i), ;, ipot,; are the top and bottom arm current of phase j, respectively.
The voltage across arm inductors vy ; is :
diz/f sub sub
UL,j = 2Larm? = Upc — (Utop,j + vbot,]-) (3)
For the SMs of MMC, the output voltage of the kth SM in the top and bottom arms can be
expressed by 1,y (k), upot,j (k) respectively:
”top,j(k) = Stop,j(k)vtop,j(k) ()
Upot,j (k) = Spot,j(k)vtop,j(K),

where vy, i(k), Stop,j(k) and vyt j(k), Spot,j(k) are the capacitor voltage and switching function of kth
SM of the top and bottom arms, respectively.
The dynamic equation of SM capacitors can be obtained as

dv, (k) . .
C—2— = Siop,(K)iz,j + 0.55 10y, (K)is,

5)
doy, t,'(k) . . (
C—3— = Star (k)i — 0.55potj(K)is

According to (1), (4), and (5), one phase circuit of MMC can be redrawn by the equivalent circuit
on the basis of the ideal transformer representation of SMs [24], as shown in Figure 2. The notation of
turns-ratio term is abbreviated as the switching function of SMs, which fully represents the switching
action. On the basis of the equivalent circuit, energy was transferred from the DC side to the AC
side through SM capacitors, which acted as intermediate storage elements. In this equivalent circuit,
external and internal characteristics of the MMC could be reflected well.
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Figure 2. Equivalent circuit of single MMC phase.

3. Phase-Shifted PWM Schemes for MMC

In general, the PSC-SPWM scheme of MMC (N SMs each arm) with two freedom displacement
angles is shown in Figure 3. Each SM is assigned with a specific reference signal and a triangular
carrier with a displacement angle. The state of the SM is determined by the relationship between
reference signal and carrier. When the reference is larger than the carrier value, the corresponding
switching function S, ;(k) or Spotj(k) equals to 1; when the reference is smaller than the carrier value,
the corresponding switching function Sy, (k) or Sy,,;(k) equals to 0.

Signals |/
for the
top
arm

Signals
for the
bottom [

arm

Figure 3. General MMC phase-shifted carrier sinusoidal pulse-width modulation (PSC-SPWM) schemes.

61, 67 are the displacement angles between the adjacent carriers of the same arm, and the
displacement angle between the carriers of the top and bottom arms, respectively. Reference voltages
are given as

+ _pc _ Moupc 4
Yo = N T an O (@ot £ 9)) ©

o+ oDpC Mopc
botj " 2N = 2N
where M is the modulation index, wy is the fundamental angle frequency, ¢; is the phase angle,
and vpc is the voltage of DC bus.
Each SM corresponding to a specific triangular carrier with different displacement angle.
The general carrier function of the top and bottom SMs can be calculated as:

cos (wot + @j)

fer(k) = U%C (; + % : %arcsin [sin (wct + (k—1) 91)0 (7)
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fep(k) = UZE\)[C (; + % . %arcsin [sin (wct + (K —1) 601 + 92)}) 8)

3.1. Fourier Series Representation of Switching Functions

The double Fourier series based on analysis in [25] is presented to obtain the harmonic feature of
output voltage and circulating current of MMC. In (7) and (8), there are two freedom displacement
degrees, 61 and 6, which constitute different PSC-SPWM schemes. The principle of how ¢; and 0,
affect the harmonics of output voltage and circulating current is presented in this section.

From (6-8), the switching function can be expressed by Fourier representation as

1 M
StOPIj(k) - E 7 COSs ((Uot + qo]) + Zl n;w mrt
Xsin[(m—ién)ﬂr} <, <M;n7r) 9)

x cos [m (wet + (k—1)01) +n (wot + ;) ]

1 M
Seotj (k) = 5 + 5 cos (wol + ¢5) + Z Z P

m=1n=—oo

x sin [(’“2”)”} < (MZ”T) (10)

x cos [m (wet + (k—1)0 + 62) + 1 (wot + ¢j + 71) ]

where m is carrier index variable (m =1, 2, ... , o), n is the baseband index variable (n = —oo, ... , —1,
0,1,...,00),and J,(x)is the Bessel coefficient.

For simplicity, it was assumed that all the capacitor voltage of SMs are naturally balanced and the
voltage fluctuation is ignored. From (1), (9), and (10), the equivalent output voltage of phase j can be
obtained as

M 1 & 2
Us,j = Z;Dccos(wot—i—qo]) EZ Z ~opc

[t ()
m

(11)
« 9 sin [m92+n7'c] Zcos( 122(k1))91>

méy +nrwr  m(N—1)m
2 2

X sin [mwct + 1 (wot + goj) + +

From (11), the harmonic characteristic of output voltage is affected by the following items,
which are the function of 6, 6, and N:

:ki (1= 21

2
. {mez + nn]
ks = sin —
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Voltage across the arm inductors of phase j can be obtained as

00 ZUDC Mmr _[(m+n)m
ML] Z Z mn:N (2) X sin [2
m=1n=—oo
mb, + nr N—-1-2(k-1))0
, 13
X 2 cos { ] Z cos ( 2 )
-1
% COS [mwct +n (wot + (p]-) + M(b;nn n m(N2 )n}

Similarly, the harmonic characteristic of voltage across the arm inductors is affected by

Zcos( N—l—2 (k—l))91>
ko, = sin [(m—;n)} (14)
ky = cos {mGzz—i—nn]

3.2. Harmonic-Cancellation Characteristics of MMC with PSC-SPWM

According to (12) and (14), if one of k1, k2 and k3 is equal to 0, the corresponding output-voltage
harmonic components (mw. + nwyp) can be completely eliminated. The corresponding circulating
current harmonic components can be completely eliminated if one of ki, ky and k4 is equal to 0 in
the same way. Specifically, if index m is odd/even, and index #n is odd/even, k; equals to 0 in the
expression of both Equations (11) and (13). As a result, odd side-band harmonics are eliminated in
the output waveform and voltage of arm inductors around the odd carrier frequency multiples and
the even side-band harmonics are eliminated in the output waveform and voltage of arm inductors
around the even carrier-frequency multiples.

Harmonic-cancellation characteristics of ki, k3 and k4 are affected by 6; and 6. Item k; can
eliminate the harmonics of the whole group mw, with proper 61, and the relationship between k; and
01 is shown in Figure 4. If 6, equals to 7t/ N, all the even multiples carrier-frequency harmonic groups
except those at 2N-multiples and its integral multiple are eliminated. For example, the harmonics
of group 2w, and 4w, are eliminated when N = 3. The harmonics of group 2w,, 4w, and 6w, are
eliminated when N = 4. If 6; equals to 27t/ N, all multiples carrier-frequency harmonic groups except
those at N-multiples and its integral multiples are eliminated. For example, the harmonics of group
We, 2w, 4w, and 5w, are eliminated when N = 3. The harmonics of group w¢, 2w, 3w, 5w, 6w, and
7w, are eliminated when N = 4.

After eliminating the harmonics of some whole group mw,. with proper 8;, proper displacement
angle 6, can be selected to eliminate more harmonic components. The harmonic components of
circulating current are the same as the voltage across the arm inductor. However, according to the
relationship of trigonometric functions, k3 in (12) and k4 in (14) are completely different. For a particular
harmonic group mw,, output-voltage harmonics and the circulating current harmonic vary with 6,
at the completely opposite tendency. Displacement angle ¢, should be selected to obtain a zero k3
or k4 item coordinate with the harmonic-cancellation capability of k; to achieve maximal harmonic
elimination of output voltage or circulating current, respectively.
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Figure 4. Harmonics of group cancellation characteristics with PSC-SPWM schemes. (a) N = 3.
(b) N = 4.

For MMC, output voltage with lower harmonic distortion means smaller and lower-cost filters,
and better output characteristics, especially when N is small (e.g., in motor drive applications). On the
other hand, the harmonics of circulating current causes higher loss and current stress. For a great
number of SM applications (e.g., HVDC application), the harmonics of circulating current become
the main problem. In this paper, five potential PSC-SPWM schemes (PSC1 to PSC5) for MMC that
achieve maximal voltage harmonic elimination or maximal circulating current harmonic elimination
are presented, as shown in Figure 5. They are described with a modulation wave frequency of 50 Hz,
a carrier frequency of 200 Hz, and four SMs in each arm. Displacement angle 61, 8, of each scheme is
given as follows.

PSC1: )
I
N (15)
T
0p=—+m
PSC2:
0. — 27 27T
L= N b= .
. (Niseven), N (Nisodd) (16)
92 == N 92 - 0
PSC3: -
0 = —
N (17)
0, =0
PSC4:
6, = V0 € (0,271/N] )
92 =TT
PSC5:
9 — Zj 91 = zj
TN (N is even), 71_;] (N is odd) (19)
92 =0 92 == N

where PSC2 and PSC5 were mentioned in [22]. PSC1 and PSC3 were first proposed in [23], and PSC4
was added into this paper for discussion. Theoretically, PSC1, PSC2, and PSC3 can achieve maximal
voltage harmonic elimination, and PSC4 and PSC5 can achieve maximal circulating current harmonic
elimination. Compared with PSC2 and PSC5, the proposed PSC1,PSC3, and PSC4 unify two different
cases of odd and even SM situations.
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Figure 5. Proposed PSC-SPWM schemes for MMC that achieve maximal voltage harmonic
elimination or maximal circulating current harmonic elimination. (a) PSC-SPWM1. (b) PSC-SPWM2.
(c) PSC-SPWMS3. (d) PSC-SPWMA4. (e) PSC-SPWM4 when 0; = 27t/ N. (f) PSC-SPWMS.

For a specific index m, if both even n and odd n can result in a zero kj or k3 item, the corresponding
harmonic groups are eliminated in output voltage. Similarly, if both even n and odd 7 can result in a
zero kj or k4 item, the corresponding harmonic groups are eliminated in circulating current. For PSC1
and PSC2, all harmonics except those even side-band harmonics around the (2/ 4+ 1) N-multiples carrier
frequency and the odd side-band harmonics around the (2/) N-multiples carrier frequency remain
with 6; = 27t/ N. When the m summation index is equal to (2 4+ 1)N, k; and k3 of PSC1 and PSC2,
it can be represented as follows.

PSC1:
ky = sin (2ZI+1)N+n)m
((21—|—1)2(N+1)+ ) (20)
ks = sin 5 n

In (20), both even n and odd 7 can result in an even ((2/ +1)N +n) oreven ((2I +1)(N +1) +n),
which obtains a zero k; or k3 item. In other words, the harmonics of (2/ + 1) N-multiples carrier
frequency are totally eliminated in output voltage with PSC1, resulting in maximal voltage harmonic
elimination.

PSC2: ol + YN

kz:sin(( + )2 oL )

@1+ (N is even)
ks = sin ————

. (2141)N+n)m @)
ky = sin

2 (N is odd)

ks = sin7

In (21), both even 1 and odd n can result in an even ((2/ + 1)N + n) or ((21 + 1+ n) when N is
even, and an even ((2 + 1)N + n) or even n when N is odd, which obtains a zero k; or k3 item. As a
result, the harmonics of (21 + 1) N-multiples carrier frequency are totally eliminated in output voltage
with PSC2 the same with PSC1.

On the other hand, when the m summation index is equal to (2I)N, the k; and k4 of PSC1 and
PSC2 can be represented as
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PSC1:
ky = sin (2IN+n)m
¢ 22)
ku — cos QI(N+1)+n)m
! 2
PSC2: N
ky = sin 2N FR) T
(21 +2n) - (N is even)
ky = cos ———
QINF ) 7 @3
kp = sin ~———— )
T (N is odd)
ky = cos >

In (22), both even n and odd n can result in an even (2IN + n) or odd (2I(N + 1) + n),
which obtains a zero k or k4 item. Similarly, in (23), both even n and odd # can result in an
even (2IN + n) or odd (2] + n) when N is even, and an even (2IN + n) or odd n when N is odd,
which obtains a zero k; or ky item too. As a result, the extra harmonics of group (2/) N-multiples carrier
frequency are eliminated in circulating current with PSC1 or PSC2.

For PSC3, all harmonics of odd multiples and (2/) N-multiples carrier frequency are remained
when 6; = 71/N. When the m summation index is equal to (2/ + 1), k, and k3 can be represented as

PSC3:

2l+14n)m
in-~—————

ko —
’ 2 (24)

. nrw
ks = sin >
In (24), both even n and odd n can result in a zero ky or k3 item. As a result, all odd multiples
carrier-frequency harmonic groups are eliminated in output voltage with PSC3, resulting in maximal
voltage harmonic elimination, the same as in PSC1 and PSC2.
On the other hand, when the m summation index is equal to (2/)N, the k, and k4 of PSC3 can be
represented as

PSC3: SIN
ky = sin @IN+n)m
2 (25)
ks = cos nr
4 2

Both odd #n and even n can result in a zero k; or k4. The extra harmonics of group (2/) N-multiples
carrier frequency are eliminated in circulating current with PSC3.
For PSC4, k; and k4 can be represented as

PSC4:
ko, = sin 7("1 —'—Zn) il
(m+n)m (26)
k4 = cos s

All multiples carrier-frequency harmonic groups are eliminated in the circulating current with
PSC4, while k; and k3 can be represented as
PSC4:

ky = sin@
. (m+n)m 27)
ks = sin ~————

Only even side-band harmonics around the even multiples and the odd side-band harmonics are
around the odd multiples are eliminated in the output voltage with PSC4 when 6; # 7/N and
91 7& 27 / N.
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For PSC5, when the m summation index is equal to IN, k; and k4 can be represented as
PSC5:

ky—sin N AT
(INFn)n (N is odd),
ky = cos ——— -
. (IN+n)m @8
ky = sin ~———— )
I (N is even)
ky = cos —

2

All the harmonics of multiples carrier frequency are eliminated in the circulating current with a
zero item ky or k4 when PSC5 is applied.

On the other hand, when the m summation index is equal to [N, k; and k3 can be represented as

PSC5:

. (IN+n)m
ko = sin ————— .
(IN£n)n (N is odd),
ks = sin ——— 29
_(INEfmn @9)
ky = sin ~————— .
I (N is even)
k3 - Sll‘lT

There are no extra harmonics that can be eliminated in output voltage with PSC5.

From the above analysis, the conclusion is that only odd side-band harmonics around
(21)N-multiples carrier frequency are retained in output voltage with PSC1, PSC2, and PSC3 applied.
The extra harmonic group of (2/) N-multiples carrier frequency is eliminated in circulating current
with PSC1 and PSC2, while all even side-band harmonics around odd multiples carrier frequency
remain with PSC3. All carrier-frequency harmonics are eliminated in the circulating current with both
PSC4 and PSC5 applied. Simultaneously, maximal extra harmonic cancellation in output voltage can
be obtained with PSC4 when 0; = 27/ N, which is equivalent to PSC5.

Carrier angles of each SM for five PSC-SPWM schemes when N = 3 (odd number SMs example)
and N = 4 (even number SMs example) are listed in Figures 6 and 7. PSC1, PSC2, and PSC3 are the
minimal voltage harmonic schemes. PSC4 (when 6; = 27t/ N) and PSC5 are the minimal circulating
current harmonic schemes. Considering that the status of each SM in the same arm is identical, PSC1
and PSC2, PSC4, and PSC5 are equivalent except that SMs in the bottom arm corresponding to the
top arms are different. SMs with the same status (carrier angle) are filled with the same color and
connected by red arrows. Obviously, the proposed PSC1 and PSC4 could automatically distribute the
carrier angle.

Angle pSC1 PSC2 PSC3 PSC4 PSC5
Op@ 0° 0° 00 0° 0°
O (2) 120° 120° 60° 120° 120°
Onp(3) 240° 240° 120° 240° 240°
O (1) 2405 00 0° 1805, +60°
0(2) 0o+ 120° 60° 3003 /180°
6,,(3) 120> 240° 120° 60°* +300°

Figure 6. Carrier angles of each submodule (SM) for five PSC-SPWM schemes when N = 3.
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Angle PSC1 PSC2 PSC3 PSC4 PSC5
gnily 8 B B [ 0°
0p(2) 90° 90° 45° 90°  90°
0p(3) 180° 180° 90° 180° 180°
Oop(4) 270° 270° 135° 270° 270°

Oue(l) 2253  45° 0° 1803 «0°
O (2) 315° //,1350 45° 2703 ) 90°
O (3) 45¥225° 90°  0°*/180°
f,,(4) 1359 \315° 135° 90°¥ * 270°

Figure 7. Carrier angles of each SM for five PSC-SPWM schemes when N = 4.

The specific PSC-SPWM scheme is determined according to the number of SMs and
aforementioned harmonic-cancellation characteristics analysis. Considering the harmonic performance
of both output voltage and circulating current, the optimal maximal output voltage and circulating
current harmonic elimination schemes are PSC1 and PSC4 when 6; = 27/ N, respectively, for which
implementation does not need irregular change with parity of submodule number.

3.3. Capacitor Voltage of SMs Affected by PSC-SPWM Schemes

The above analysis is based on the assumption that all SM capacitor voltages are naturally
balanced and voltage fluctuations are ignored. However, SM voltage is also affected by modulation
methods. From (5), capacitor voltage varies with switching function, load current, and circulating
current. The voltage fluctuation of SM capacitors in one carrier cycle is given as

1 T , _
N0ty (K) = &= /0 (Stop (k)i j + 0.5S0p (k)i ;) -
T— , ,
Avpoy j(k) = @/0 (Sbot,j(k)lz,j - 0~55bot,j(k)ls,j)dt

where T; is a fundamental period. SM capacitor voltage is affected by switching function, circulating
current and the load current. Natural balancing of the 2-Cell modular multilevel converter with
traditional PSC-SPWM schemes was discussed in [24], which is closely related to harmonic distribution
of output current and circulating current. If the switching function and circulating current contain the
same harmonic components, or the switching function and phase current contain the same harmonic
components in the orthogonal trigonometric system, the right side of (21) could contain a non-negligible
DC component. Voltage variation in a fundamental cycle is not equal to zero, and the capacitor voltage
of each SM deviates from the rated value.

According to the above analysis, even side-band harmonics around the carrier frequency are
remained in circulating current with PSC3. However, these harmonic components are also contained
in switching functions Sy, j and Sy,,j. In an orthogonal trigonometric function system, these large
harmonic components could cause a non-negligible DC current in SM capacitors, which results
in voltage deviation. The capacitor-voltage deviation phenomenon is verified by simulation and
experiments in next section. Similarly, even side-band harmonics around the carrier frequency remain
in output current with PSC4 when 6; = 7t/ N, which also results in voltage deviation. Therefore, from
the perspective of the effect on capacitor voltage, 6; = 27t/ N should be met for PSC-SPWM schemes.

4. Simulation and Experiment Results

Simulation and experiment results were obtained to verify the analysis of the PSC-SPWM
strategy in a three-phase MMC with four half-bridge SMs. Simulation results were obtained from
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MATLAB/Simulink, and the experiment results were obtained from a low-power laboratory prototype
as shown in Figure 8. A digital-signal processor (DSP; TI TMS32028335) was used to generate the
reference voltage, while two field-programmable gate arrays (FPGAs; Spartan-6 XC6SLX9)were
adopted to generate the triangular carriers and data processing, respectively. PWM signals were
transmitted to SMs via optical fibers. The main parameters of the converter are given in Table 1.

Figure 8. Laboratory prototype.

Table 1. MMC parameters.

Quantity Symbol  Values
DC bus voltage UpC 200V
Submodule capacitance Cesm 3.6 mF
Number of submodules N 4
Bridge inductance Lorm 2 mH
Carrier frequency fe 1000 Hz
Load inductance L 5 mH
Load resistance R 24 Q)
Modulation index M 0.8

4.1. Simulation Results

Figures 9-13 shows the simulation results of output-phase voltage with five PSC-SPWM strategies.
The equivalent output-phase voltage reached 2N + 1 levels with PSC1, PSC2, and PSC3, which had
maximal output-voltage harmonic-cancellation ability, and voltage total harmonic distortion (THD)
was 14.7% with the main odd side-band harmonics around 2N-multiples carrier frequency and its
integral multiple harmonic groups. The simulation results of PSC4, when 0; = 27t/ N, and PSC5 are
shown in Figures 12 and 13, respectively. Both of these PSC-SPWM schemes had the same output
characteristics. Equivalent output voltage reached N + 1 levels, and voltage THD was much larger
than that of PSC1, PSC2, and PSC3, with 36.223%. The main harmonic components were around N
times the carrier frequency and its integral multiples.

Simulation results of circulating current under five PSC-SPWM strategies are shown in
Figures 14-18. The circulating current included the extra N-multiples carrier frequency and its
odd multiple harmonic groups with PSC1 and PSC2 applied, all odd carrier multiple harmonic groups
remained with PSC3 applied. The circulating current was mainly composed of the DC component and
the secondary component with PSC4 when 6; = 27t/ N and PSC5. All high-frequency harmonics were
completely eliminated, with maximal harmonic-cancellation ability. On the other hand, the harmonic
characteristic of output-phase voltage was decreased. Crculating current harmonic and output-voltage
harmonics varied with 6, at a completely opposite tendency.
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Figure 9. Theoretical output voltage of PSC1. (a) Waveform of equivalent output-phase voltage; (b) fast
Fourier transform (FFT) analysis.
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Figure 10. Theoretical output voltage of PSC2. (a) Waveform of equivalent output-phase voltage;
(b) FFT analysis.
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Figure 11. Theoretical output voltage of PSC3. (a) Waveform of equivalent output-phase voltage;
(b) FFT analysis.
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Figure 12. Theoretical output voltage of PSC4. (a) Waveform of equivalent output-phase voltage;
(b) FFT analysis.
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Figure 13. Theoretical output voltage of PSC5. (a) Waveform of equivalent output-phase voltage;
(b) FFT analysis.
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Figure 14. Simulation results of PSC1. (a) Capacitor voltage of SMs and circulating current. (b) FFT

analysis of circulating current.
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Figure 15. Simulation results of PSC2. (a) Capacitor voltage of SMs and circulating current. (b) FFT
analysis of circulating current.
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Figure 16. Simulation results of PSC3. (a) Capacitor voltage of SMs and circulating current. (b) FFT
analysis of circulating current.

As shown in Figure 16, PSC3 caused the deviation and unbalance of capacitor voltage
because large even side-band harmonics around the carrier frequency (especially h18, h20, and h22)
remained in circulating current with PSC3, which were also contained in switching function of
SMs. These harmonic components caused a non-negligible DC current in the capacitor of the SMs.
This phenomenon can also be intuitively understood from the number of submodules connected to
each phase. Unlike other solutions, 0 to 2N SMs could be put into a phase with PSC3. From (1),
when 2N SMs were inserted, voltage across the arm inductors was vpc, causing high circulating
current and unstable SM capacitor voltages. Therefore, the selection of 81 and 6, needs to consider the
harmonic-cancellation characteristic of both output voltage and circulating current. PSC1 and PSC4
when 6y = 271/ N are the optimal output-voltage harmonic minimization PSC-SPWM scheme and the
optimal circulating current harmonic minimization PSC-SPWM scheme, respectively, with a stable and
balanced capacitor voltage.
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Figure 17. Simulation results of PSC4. (a) Capacitor voltage of SMs and circulating current. (b) FFT
analysis of circulating current.
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Figure 18. Simulation results of PSC5. (a) Capacitor voltage of SMs and circulating current. (b) FFT
analysis of circulating current.

4.2. Experiment Results

Figure 19 shows the experiment results with PSC1, where displacement angles were selected as
01 = 90° and 6, = 225°. Experiment results were almost identical to the simulation results, including
output-voltage levels, the harmonic distribution of output voltage and circulating current, and the
voltage stability of capacitors; 2N + 1 voltage levels were generated, and output THD was 13.75%,
which was close to the theoretical 14.71%. Simultaneously, high-frequency harmonic groups (mainly
side-band harmonics around (2! + 1) N-multiples carrier frequency) remained in the circulating current,
which was calculated by a mathematical function of an oscilloscope according to (2). The peak value
of circulating current was approximately equal to 1.5 A capacitor voltage of SMs in the top and bottom
arms, which were naturally balanced with small fluctuation.

Figure 20 shows the experiment results with PSC2, where displacement angles were selected as
1 = 90° and 6, = 45°. PSC2 achieved the same characteristics as those of PSC1. The equivalence of
PSC1 and PSC2 was verified as analyzed before, and only SMs corresponding to the top and bottom
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arms were different; the proposed PSC1 unified two different cases of odd and even SM situations for
maximal harmonic elimination of output voltage.

Figure 21 shows the experiment results with PSC3, where displacement angles were selected
as 6 = 45° and 6, = 0°. Only three levels of output voltage were generated. Theoretical 2N + 1
output-voltage levels could not be achieved because the capacitor voltage of SMs deviated to vpc or 0,
which was consistent with the simulation results. This is a validation that PSC3 is not acceptable for
industrial applications, and ¢, = 27t/ N should be guaranteed for PSC-SPWM schemes.

Figure 22 shows the experiment results with PSC4, where displacement angles were selected as
61 = 90° and 6, = 180°. Experiment results were almost identical to the simulation results; N 41
voltage levels were generated, and output THD was 32.42%, which was close to the theoretical 36.23%.
Simultaneously, all high-frequency harmonic groups were completely eliminated in the circulating
current, and the peak value of the circulating current was approximately equal to 0.5 A, which was
smaller than that with PSC1 and PSC2. Capacitor voltages of SMs in the top and bottom arms were
naturally balanced with small fluctuation. PSC4 when 6; # 27/ N caused the deviation and unbalance
of capacitor voltage because of the same reason as that for PSC3.

Figure 23 shows the experiment results with PSC5, where displacement angles were selected as
01 = 90° and 6, = 0°. PSC5 achieved the same characteristics as those of PSC4. PSC4 and PSC5 were
equivalent as analyzed before, and only SMs corresponding to the top and bottom arms were different.
The proposed PSC4 when 6; = 27t/ N could unify two different cases of odd and even SM situations
for the maximal harmonic elimination of the circulating current.
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Figure 19. Experiment results with PSC1. (a) Phase voltage vs, phase current is, capacitor voltage of
SM v1op and vy,; (b) circulating current iz, phase current is, arm current itop, and ipy.

Tel Prevu “’k prevy
‘ chl: (10V/div)
v ! ch2: (10V/div)
bot ch3: (50V/div)
N\ : ch4: (5A/div)

e

lbOt \Itob

N F\q \J\J

| - chl: (5A/iv) ch2: (5A/div)
| s © ch3: (5A/div) M: (1A/div)
(10ms/div) (10ms/div)

@ 00V z @ 00V @ 5004 ) [10.0ms ‘ 10.0M5/5 @ 7 so00v| @ s0A0 @ ® 5004 T[10.0ms “Lnums/s @ 7 3534
( 1M points (@ rooa To.0ms ) 100k points) |_

(a (b)
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SM v1op and vy,; (b) circulating current iz, phase current is, arm current ity and 7.
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Figure 21. Experiment results with PSC3. (a) Phase voltage vs, phase current is, capacitor voltage of
SM vop and vy,; (b) circulating current iz, phase current is, arm current ito, and 7.
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Figure 22. Experiment results with PSC4 when 6; = 27t/N. (a) Phase voltage vs, phase current is,
capacitor voltage of SM vy, and vpy; (b) circulating current iz, phase current is, arm current iz

and ip;.
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Figure 23. Experiment results with PSC5. (a) Phase voltage vs, phase current is, capacitor voltage of
SMs v1op and vy,; (b) circulating current iz, phase current is, arm current itop and 7.

The PSC-SPWM of MMC is different from that of CHB, and only those SMs in the identical arm are
equivalent. In order to avoid deviation of capacitor voltage, the selection of 6; and 6, needs to consider
harmonic cancellation characteristics of both output voltage and circulating current. A comparison
of five PSC-SPWM schemes is listed in Table 2. Considering these facts and implementations, PSC1
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(01 = 2n/N, 6, = 7+ m/N) is the most suitable PSC-SPWM scheme in practical applications
when the number of SMs is small. Only odd side-band harmonics around (2/) N-multiples carrier
frequency remained in output voltage, and even side-band harmonics around (2! — 1) N-multiples
carrier frequency remained in circulating current; at the same time, the capacitor voltage of SMs was
stable and balanced. On the other hand, PSC4 (6; = 27/N, 6, = ) is the most suitable PSC-SPWM
scheme in practical applications when the number of SMs is large. Only side-band harmonics around
(I)N-multiples carrier frequency remained in output voltage, and all carrier-frequency harmonics
were eliminated in circulating current; at the same time, the capacitor voltage of SMs was stable and
balanced. Moreover, the implementations of both PSC1 and PSC4 when ¢; = 271/N do not need
irregular change with the parity of submodule number.

Table 2. Comparison of five PSC-SPWM schemes.

PSC1 PSC2 PSC3 PSC4 PSC5
Output level 2N +1 2N +1 2N +1 N+1 N+1
Output-voltage harmonics 2INf, 2IN f¢ 2IN f, INf. INfe
Circulating-current harmonics (21 =1)Nf, (21—=1)Nf. 21-1)f, © 0
Expression of displacement angles  fixed Different with parity of N fixed fixed  Different with parity of N
Voltage stability of capacitors stable stable unstable  stable stable

5. Conclusions

This paper provided theoretical and experimental discussions on the characteristics of the
modular multilevel converter (MMC) when phase-shifted carrier sinusoidal pulse width modulation
(PSC-SPWM)) is applied. The harmonic components of output phase voltage and circulating current
were derived in detail. We also analyzed how the displacement angle between SM carriers affects
the harmonic-cancellation characteristics of output voltage, circulating current, and capacitor voltage
of SMs. Displacement angles were found to affect the harmonic magnitudes of both output voltage
and circulating current. On the basis of analysis, five potential PSC-SPWM schemes with maximal
harmonic-cancellation ability for output voltage or circulating current were proposed. Furthermore,
capacitor voltages affected by PSC-SPWM schemes were analyzed. Optimal displacement angles were
selected for minimizing the harmonics of output voltage and circulating current that are suitable for
application with a low and high number of SMs. Lastly, the mathematical analysis and proposed
schemes were verified by simulation and experiments on a low-power MMC prototype.
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