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Abstract—This paper presents an improved phase-shifted car-
rier pulse width modulation (PSC-PWM) scheme for the hybrid
modular multilevel converter (MMC) consisting of half-bridge sub-
modules (HBSMs) and full-bridge submodules (FBSMs). When the
traditional PSC-PWM schemes for the HBSMs-based MMC and
the FBSMs-based MMC are directly applied to the hybrid MMC,
some mismatch pulses will occur on the arm voltages because the
HBSMs and the FBSMs have different characteristics. These mis-
match pulses not only generate undesirable harmonics on the out-
put voltages, but also induce the significantly uneven loss distribu-
tions between the HBSMs and the FBSMs. Therefore, an improved
PSC-PWM scheme for the hybrid MMC is proposed in this paper
to deal with these issues. The improved PSC-PWM scheme can
eliminate the mismatch pluses in the output voltages, alleviate the
uneven loss distributions between the HBSMs and the FBSMs, and
reduce the total switching loss of the converter. The mathemat-
ical analysis of the improved PSC-PWM scheme for the hybrid
MMC is conducted and its harmonic characters are investigated.
The analysis results are verified and compared with the traditional
PSC-PWM scheme by the simulated and experimental results.

Index Terms—Hybrid MMC, mismatch, phase-shifted carrier,
pulse width modulation.

I. INTRODUCTION

HE modular multilevel converter (MMC), first proposed
T in [1], is the most attractive topology for high-power
high-voltage applications [2]-[4] because of its modular
structure, high efficiency, and low harmonic distortion of the
output waveforms. The basic operation principles of the MMC
are given in [5] and [6]. Many basic circuit topologies can be
employed as submodules (SMs) of the MMC. The most popular
one is the half-bridge submodule (HBSM) because of its simple,
low component number, and high efficiency. However, the
HBSMs-based MMC is unable to limit the fault current during
the dc-side short-circuit condition [7], [8]. The implementation
of the HBSMs-based MMC is limited in the applications where
dc-side short-circuit protection is required. Therefore, various
modified SMs, such as the full-bridge submodule (FBSM) [9],
the clamp-double SMs [10], the diode clamp SMs [11], unipolar
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voltage FBSMs [12], five-level cross-connected HBSMs [13],
and three-level cross-connected SMs [12] are proposed to
realize the dc-side short-circuit protection. However, these
modified SMs employ more power devices compared with
the HBSMs-based MMC and suffer from the high conduction
loss [14]. To reduce the number of power devices and the
conduction loss, the modified SMs and the HBSMs are mixed
to form the hybrid MMC:s. In [12], the unipolar-voltage FBSMs
or the three-level cross-connected SMs are mixed with HBSMs
to reduce the power devices number and the extra power losses.
These two hybrid MMC topologies can control the dc fault
current to be null but lose the ability to control the ac current
during the dc-side fault condition. Therefore, they have the
dc-side fault blocking capability but do not have the dc-side
fault ride-through capability [15]. The hybrid MMC composed
of the HBSMs and the FBSMs not only can control the dc fault
current to be zero but also can control the ac grid-side reactive
power to support the ac grid during the dc-side fault condition,
that is, the dc-side fault ride-through capability [15], [16]. So it
is a very promising topology for the next generation of highly
meshed multiterminal HVdc grids [17].

Two major tasks associated with the MMC are the capacitor
voltage balance and the circulating current suppression [18], and
many papers have been published to tackle these two tasks for
the HBSMs-based MMC [19]-[26], the FBSMs-based MMC
[27], and the hybrid MMC [15], [17], [28], [29]. In addition,
the pulse width modulation (PWM) scheme is one of the most
interesting topics in the MMC [30]. Many PWM schemes have
been proposed for the MMC. Space-vector modulation is first
mentioned to be a possible modulation scheme for the MMC
[6], but the calculation and selection of the vectors become very
complicated as the SMs increase. The nearest level modulation
(NLM) is especially suitable for the applications with a large
number of SMs [22], [31]-[33]. In NLM, a round function is ap-
plied to find the required output voltage level, which introduces
the round errors. To compensate the round errors, NLM is ex-
tended by introducing one SM working in the PWM mode [34].
The level-shifted PWM, known as phase-disposition PWM (PD-
PWM), is also investigated in [35] and [36]. The main drawback
of the level-shifted modulation is the uneven loss distribution
among the SMs [37], [38], which is not desirable for the MMC.
The phase-shifted carrier PWM (PSC-PWM) is another popular
PWM scheme. Although it has been reported that the output
voltage harmonic profile of the PD-PWM is better than that of
the PS-PWM [39], these differences in the high-frequency har-
monic contents are very small [37]. Therefore, PS-PWM is a
very popular modulation scheme in the MMC because it offers
some distinctive features [38], [40], [41].



82

1) The power handled by each SM is the same as that of the
other SMs, so the power loss is distributed evenly among
the SMs.

2) The actual switching frequency of each power device
equals the carrier frequency. The effective switching fre-
quency is equal to the product of the number of cells and
the carrier frequency of each cell, which results in a high
effective switching frequency and low total harmonic dis-
tortion.

3) Consistent with the modularity and scalability of the
MMC, it is easy to increase the number of SMs per arm.

The PSC-PWM is proved as an effective PWM solution for the
HBSMs-based MMC and the FBSMs-based MMC. However,
most of the existing literatures about the PSC-PWM schemes
only focus on the HBSMs-based MMC or the FBSMs-based
MMC. To the knowledge of the authors, the PSC-PWM schemes
for the hybrid MMC have not been studied in details in the pre-
vious literatures. In the hybrid MMC, each arm consists of HB-
SMs and FBSMs, which have different characteristics. When the
PSC-PWM schemes used in the HBSMs-based MMC and the
FBSMs-based MMC are directly applied to the hybrid MMC,
two issues should be overcome. The first issue is that the num-
ber of the power devices in the FBSM is twice the number in
the HBSM. When the same carrier frequency is employed for
the HBSM and the FBSM, the output equivalent switching fre-
quency of the FBSM is double that of the HBSM. Therefore,
the total switching loss of the FBSM is also double that of the
HBSM, which induces significantly uneven loss distribution be-
tween the HBSMs and the FBSMs. The second issue is that
some mismatch pulses will occur on the arm voltages due to the
different equivalent switching frequencies of the FBSM and the
HBSM. These mismatch pulses are undesirable because they
lower the center frequency of the lowest harmonic group in the
output voltage, which reduces the cutoff frequency of the filter.
The size of the filter is inevitably enlarged in order to atten-
uate these harmonics. In this paper, the traditional PSC-PWM
scheme is first applied to the hybrid MMC and its characteris-
tics are analyzed. Then, an improved PSC-PWM scheme for the
hybrid MMC is proposed to deal with the issues associated with
the traditional PSC-PWM scheme implemented in the hybrid
MMC. The aim of this paper is to provide the detailed analysis
of the PSC-PWM scheme in the hybrid MMC and to extend the
well-proved PSC-PWM scheme to the hybrid MMC.

The remainder of this paper is organized as follows. The basic
operating principles of the hybrid MMC is given in Section
II. The traditional PSC-PWM scheme for the hybrid MMC is
applied and analyzed in Section III-A. The improved PSC-PWM
scheme is presented and its harmonic characters are analyzed
in Section III-B. Simulated results are presented in Section IV.
The experimental results on a hybrid MMC prototype are given
in Section V. The conclusions are drawn in Section VI.

II. BASIC OPERATING PRINCIPLES OF HYBRID MMC
A. Structure of a Hybrid MMC

The diagram of the hybrid MMC is depicted in Fig. 1. The
MMC is formed by six arms. Each arm contains N SMs, which
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Structure of a hybrid MMC.

Fig. 1.

Fig. 2. Equivalent circuit of one phase of hybrid MMC.

combines H HBSMs and F FBSMs (N = H+F). These SMs are
connected in series and interfaced with the dc link by the arm
inductors. The coupled inductor is used as the arm inductor, in
this paper, due to its smaller size and weight compared with the
discrete inductors [42]. The dc capacitors in the SMs act as the
constant dc voltage sources, and the output voltages are syn-
thesized by these constant dc voltage sources under the proper
control.

B. Mathematic Model of Hybrid MMC

The equivalent circuit of one phase of the hybrid MMC is
shown in Fig. 2. Vg, is the dc-link voltage, 4o; (j = a, b, ¢) is
the output current of phase j, and u,j is the output phase voltage.
Uyhj, Unfj and Uy, Uy represent the voltages generated by the
HBSMs and FBSMs in the upper arm and the lower arm. i;
and i represent the currents of the upper arm and the lower
arm, respectively. M and L,, L,, are the mutual inductance and
self-inductances. uy; is the voltage across the coupled inductor.
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Assuming the coupled inductor is fully coupled (i.e., L, =
L, = M = L,), the following equations can be derived [40]:

1
Uoj; = 5 (uwhj + uwfj) - 5 (uuhj + uufj)
1
- 5 (uwj - uuj) (1)
die;
wL =~y = gy + Vae = 4L, 2)

dt
where .;, uy; are the lower arm voltage and the upper arm
voltage, and 4 is the circulating current of phase j. The circu-
lating current flows through both the upper arm and the lower
arm and it can be expressed as

1

Z‘cj = 5 (iuj + ixvj) . (3)
According to (2), the following equation can be derived:
t
. ULj
i =l + | ek @

where I is the dc component of the circulating current. The
output current is shared equally by the upper arm current and
the lower arm current, so the upper arm current and the lower
arm current are expressed as

) ) 1
luj = cj + §Zoj (5)
. . 1.
twj = lcj — 520j~ (6)

Based on the mathematical model of the hybrid MMC, the
harmonic features of the converter can be investigated under a
specific PSC-PWM scheme.

III. PSC-PWM SCHEMES FOR HYBRID MMC
A. Traditional PSC-PWM Scheme for Hybrid MMC

The detailed analysis of the traditional PSC-PWM scheme for
the HBSMs-based MMC and the FBSMs-based MMC is given
in [40]. Since the hybrid MMC combines both the HBSMs and
FBSMs, the traditional PSC-PWM schemes for the HBSMs and
the FBSMs is directly applied to the hybrid MMC, which is
called the traditional modulation scheme for the hybrid MMC
in this paper. However, some issues are encountered when the
traditional PSC-PWM schemes for the HBSMs and the FBSMs
are directly used in the hybrid MMC. Take the combination
of single HBSM and single FBSM in the hybrid arm, as an
example, which is shown in Fig. 3.

The voltage w, _j (¢) represents the reference signal of the
HBSM, and w; _yj_ter; () and u, yj_rignt (4) represent the refer-
ence signals of the left leg and the right leg of the FBSM. Note
two reference signals are employed for the FBSM in Fig. 3 in
order to generate two voltage levels 0 and V,./N, the same as
that of the HBSM, and to achieve more even loss distribution
among the devices. Because the output equivalent switching fre-
quency of the HBSM is different from that of the FBSM when
the same switching frequency is employed for both the HBSM

Uy iy (1

FBSM

Vem1*Vsmz

2V /N

o] A 0 LT
o

Fig. 3. Output voltage of hybrid arm composed of single HBSM and single
FBSM with traditional PSC-PWM scheme.
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Fig. 4. Traditional PSC-PWM modulation scheme for a hybrid MMC.

and the FBSM, some mismatch pulses will occur on the output
voltages, which are highlighted by the circles in Fig. 3(b). More-
over, these mismatch pulses cannot be eliminated by adjusting
the phase-shifting angle between the HBSM and the FBSM. Al-
though some mismatch pulses are generated in the arm voltages,
the circulating current switching harmonics and the output volt-
age harmonics are determined by both the upper arm voltage
and the lower arm voltage. So the circulating current harmon-
ics cancellation and the output voltage harmonics minimization
can be achieved by adjusting the displacement angle between
the upper arm and the lower arm.

The traditional PSC-PWM scheme for the hybrid MMC is
shown in Fig. 4. To achieve the best harmonic cancellation
effect, the triangular carriers of H HBSMs and F FBSMs in
each arm are shifted by 2n/H and n/F, respectively. Because
the mismatch pulses in the arm voltages cannot be eliminated
by adjusting the phase-shifting angle between the HBSM and
the FBSM in the arm, the phase-shifting angle between the
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Modulation signal distribution of traditional PSC-PWM for a hybrid

HBSMs and the FBSMs in the lower arm is simply selected as
zero in this modulation scheme. The displacement angles of the
HBSMs and the FBSMs between the upper arm and the lower
arm are ¢, and 6, respectively. Accordingly, the modulation
signal distribution of the traditional PSC-PWM for the hybrid
MMC is shown in Fig. 5. The reference signals of the ith HBSM
in the lower arm and the ith HBSM in the upper arm are given
by

Vae
2N

+Aur _h_wj ('L)

Ve
2N

+Aur _h_uj (7/)

Uref_wi(i) = (14 M cos(wot + ¢;))

)

Uref_uj () = (14 M cos(wot + @j + 1))

®)

where M (0 < M < 1) is the modulation index, wy is the an-
gular frequency of the output ac voltage, and ¢; is the phase
angle.Au, j,_w;(i) and Au, 5, ,;(7) represent the adjustments
of the reference signal for each HBSM in the lower arm and the
upper arm.
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These adjustments of the reference signals are used to balance
the voltages of the HBSMs and they can be expressed as

Au (’L) KP (UC - UcJwaj (ZD ) iwj >0 ©)
r_h_wj =
.] _KP (UC - U(:Jl,,wj (Z)) s Z.Wj <0
Au (Z) { KP (UC - U(:JI,,uj (7')) ) Tuj > 0 (10)
r_h_uj =
J —K, (Ue = Ue s nj(i)), g <0

where K, is the proportional gain, U, is the capacitor voltage
command, U, _j,_;(?) is the capacitor voltage of ith HBSM in
the lower arm, ,j is the arm current of the lower arm, U, _j,_;(¢)
is the capacitor voltage of ith HBSM in the upper arm, and 4, is
the arm current of the lower arm. Equations (9) and (10) indicate
that for the HBSM with the voltage lower than the command
voltage, when the arm current is positive, the product of the
adjustment voltage and the arm current will form a positive
active power to charge the capacitor. When the arm current
is negative, the polarity of the adjustment voltage should be
accordingly changed in order to get the positive active power to
charge the capacitor. In contrast, a negative active power should
be generated to discharge the HBSM with the voltage higher
than the command voltage.

The reference signals of the ith FBSM in the lower arm and
the ith FBSM in the upper arm are given by (11) and (12), shown
at the bottom of the page, where Au, s ;(i) and Aw,__y;(i)
represent the adjustment of the reference signal for each FBSM
in the lower arm and the upper arm. These adjustments of the
reference signals are used to balance the voltages of the FBSMs
and they can be expressed as

, Ky (Ue = Ue_gwj()),  iwj >0
Aup_p_wj(i) = . 13)
—Kp (Uc = Ue_g_wj(i)); iwj <0
, Ky (Ue = Ue_yj(i)), iy >0
A,y (i) = o (14)
—Kp (Uc = Uc_guj(i)), inj <0

where K, is the proportional gain, U, is the capacitor voltage
command, U._y i (7) is the capacitor voltage of ith FBSM in
the lower arm, . is the arm current of the lower arm, U,_¢_;(¢)
is the capacitor voltage of ith FBSM in the upper arm, and i,;
is the arm current of the lower arm. Equations (13) and (14)
indicate the same voltage balance principle as (9) and (10).

. 3V C V C .
Uref _wj_left (Z) = 413[ 4}1\7 M COS(th + Pj )+Aur7f,wj (’L)
(1D
. Ve Ve .
Uref _wj_right (Z) = 4]dv 4]dVM cos(wot + ®j + 7T) Aur,f,wj (7,)
o 3Vae | Vac
Uref_uj_teft (1) = 4]3 4}1VMcos(wot + @ +m)+AU 5 4j(4)
(12)
. Ve Ve .
Uref _uj_right (Z) = 4;1\7 4;1VM COb(wot + ij) Aur,f,uj (Z)
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In the following analysis, the capacitor voltages of all the
SMs are assumed to be well balanced (i.e., Au,_j _wi(i) =
A,y 4i(1)=0 and Au,_¢_wi(1)=Au, s _4j(i)=0). Therefore,
the dc-link voltage V4. will be evenly shared by the SMs
(i.e., U, = V4c/N). Generally, Au, j,_wi(2), Au,_j_j(4), and
Aty 5 wi(1), Au, s _4j(7) are a relatively small portion com-
pared with the reference voltage signals (i.e., Uref_wj(?),
Uref _uj (Z), Uref _wj_left (Z)» Uref _wj_right (Z)’ and Uyef _uj_left (Z),
Uref _uj_right (7)), Which can be proved by the simulation results
in Section IV and the experimental results in Section V. There-
fore, the assumption is reasonable. Moreover, the capacitance
of the SM is usually designed to limit the voltage fluctuations of
the SMs within 10% of the rated capacitor voltages. So the ca-
pacitor voltage fluctuations are ignored in the following analysis
for simplicity.

Based on the double-Fourier analysis [40], the output voltages
of H HBSMs and F FBSMs in the lower arm can be given by

HYV, HMVjy.
qulj = 2]\(;6 + 2Nd(, COS(wot + @])
0 00 2‘/dg
"2 2 N
< sin {M} ‘< Jy (MHW)
2 2
X cos [Hmw.t + n(w,t + ¢;)] (15)
FV;IC FMVvdc
vy = 5 SN cos(wot + ¢;)
o0 00 ( - 1)Fm+712v;1C
+’VVZZ:1 77,;OO mﬂ-N
M Fmm
XJQnJrlme T

X cos [2Fmw.t + (2n+1—Fm)(wyt + ¢;)] (16)

where m (m = 1,...,00) is the harmonic order of the carrier
wave, n(n = —o0o,...,—1,0,1...,00) is the harmonic order
of the reference wave, .J,, (x) is the Bessel coefficient of order n
and argument x, and w, is the angular frequency of the triangular
carriers.

The lower arm output voltage is expressed as

Va
Uwhj + uwfj—7+

+Z i 21/1L . {(Hm;n)w]

m=1n=-oco

. <MHQ'm7r

PR

M‘/;ic

Uyj = cos(wot + ;)

> x cos [Hmw,t + n(w,t + ¢;)]

Fm+"2V1( MFmmr

X J271,+1—Fm ( 2

x cos [2F'mw .t + (2n+1 — Fm)(wot + ¢;)] .

a7

Similarly, the output voltage of the upper arm is expressed as

Vae
2

MV,
— Qd cos(w,t + ¢;)

i i 2Vae {(Hm;— n)ﬂ} < J. (]V[Hmﬂ)

2
x cos [Hm(w.t + 0) + n(w,t + ¢; + )]

0 00 (_1)Fm+nzv-dC
+mZ:1 n:Zoc mrN

Unj =

MFmm
><J2n+17Fm ( )

2

x cos 2Fm(w.t+ 0)+ 2nd1—Fm)(w.t+ ¢;+m)] . (18)
Therefore, the output phase voltage and the circulating current
of phase j can be derived by following the similar derivation

process given in [40] and they can be expressed as

MV S (—1)" 2V,
Uy = cos(wot+$0/)+z Z : m)ﬂ'N
m=1n=—-o00
M Hmm
><J2”+1—Hm (T)

X COS |:Hmwct+ (2n+1—Hm)(w,t+ ¢;)

Hm(0, — H -
L HmO = m) | | HmO =)
2 2
MFmm
><J277,+17Fm ( 2 )
x cos [2Fmw, + (2n+1 — Fm)(w,t + ¢;)

+ Fm (Hf — g>:| x cos | F'm (Hf — g)] 19)
. Idc - ( ) V;“
bej = mzl n; maNLo(Hmw. + (2n +1 - Hm)w, )
M Hmm
><J217,+17Hm ( 2 )

X €08 <Hmwct+ (2n+1—Hm)(w,t+ ¢;)

+H’“(92’_”)> x sin (W)

i i ( 1)Fm+n Vdc
— = mrNL(2Fmw. + (2n + 1 — Fm)w,)
M Fmm
XJ2n+1me ( 2 )

X CoS <2mect + (2n4+1 — Fm)(w.t + ¢;)
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(20)

e (0 5) ) i (7 01 5))

The second term in (19) is the voltage harmonics generated
by the HBSMs, while the third term is the voltage harmonics
generated by the FBSMs. When these two terms are minimized
simultaneously by properly choosing the displacement angles
05, and 6y, the output voltage harmonics minimization can be
achieved. Similarly, the circulating current harmonics cancella-
tion can be achieved when the second term and the third term in
(20) are equal to zero simultaneously.

The output voltage harmonics minimization can be achieved
in the hybrid MMC by choosing the displacement angle as
follows:

9],, = 0, H is d
™ . a s
9],:E, H is . 0 = 3F
Under this condition, (22) and (23) shown at the bottom of
the page can be easily deduced.
It can be seen that the voltage harmonics at odd multiples of

the Hmth carrier group and the Fmth carrier group will be zero.
Then, the output phase voltage is derived as

odd

even

F s
F s

odd
.21

even

M‘/Zic

oy = =% cos(wot + ;) +

><J277,+1—2Hm (MHmT(‘)
x cos [2Hmw.t + (2n 4+ 1 — 2Hm)(w,t + ¢;)]

Fm+n+1
+Z Z —1) Ve

m=1n=—o0

XJopr1—2pm (MFm)
x cos [AFmw, + (2n+1 — 2Fm)(wo.t + ¢;)] . (24)

Due to the fact that the voltage harmonics at odd multiples
of the Hmth carrier group and the Fmth carrier group are zero,
the center frequency of the lowest harmonic group is 2Hf..
Since the number of HBSMs is less than FBSMs (H < F <
N) in the hybrid MMC in order to provide dc-side short-circuit
protection, the center frequency of the lowest harmonic group
is even lower than that of the HBSMs-based MMC (2Hf. <
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Nf.). The center frequency of the lowest harmonic group for
the circulating current is Hf. because the odd multiples of the
Hmth carrier group harmonics in the circulating current cannot
be cancelled at this displacement angle.

The circulating current harmonics cancellation can be
achieved in the hybrid MMC by choosing the displacement
angle as follows:

T .
Q}L:ﬁ, Hisodd gf:l’ Fisodd

. and F :
0, =0, H iseven 9f =0, Fiseven

(25)
Under this condition, the following equations can be easily
obtained:

o mw(1-H) '\ __ .
B sin( —+5—) =0, Hisodd
an,(fo?£€244132> = ( ) (26)

2 H is even

sin (£20) = 0,

an(em(0,-3)) -

Therefore, the second term and the third term in (16) are
always equal to zero, so the circulating current switching har-
monics can be fully cancelled. A pure circulating current with-
out undesirable switching harmonics can be achieved, thus the
dc filters can be avoided. The center frequency of the lowest
harmonic group for the output voltage is Hf. because the odd
multiples of the Hmth carrier group harmonics in the output volt-
age cannot be cancelled at this displacement angle. From (21)
and (25), it is clear that the output voltage harmonics minimiza-
tion and the circulating current harmonics cancellation cannot
be achieved at the same time.

It can be seen that the center frequency of the output voltage
lowest harmonic group is limited by the number of the HBSMs
if the traditional PSC-PWM scheme is directly used in the hy-
brid MMC. The cutoff frequency of the output filter is low due
to the low center frequency of the lowest harmonic group, so
the filter size is inevitably enlarged in order to attenuate these
harmonics. Another issue is that the number of power devices
of the FBSM is double the number of the HBSM. The same
carrier frequency is employed for the HBSM and the FBSM,

F'is even

- mw(1-F)\ __ .
sin ( 5 ) =0, Fis odd. on
sin (F'” ) 0,

o (Hm(@; - 7r)>

s (- 3))

- F

<

(
(%57) {m_

=(55) -

0, Hmisodd
Lor(—1), Hmiseven Hisodd
0, Hmisodd 22)
Y 1or (-1), Hmiseven ’ Hiseven
Fmisodd
) Fmiseven ’ Fisodd
0, Fmisodd 23)
lor(=1), Fmiseven® I i5¢Ven
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Fig. 6. Output voltage of hybrid arm composed of single HBSM and single

FBSM with improved PSC-PWM scheme.

so the total switching loss of the FBSM is also double that of
the HBSM, which induces significantly uneven loss distribution
between the HBSMs and the FBSMs.

B. Improved PSC-PWM Scheme for Hybrid MMC

To deal with the issues associated with the traditional PSC-
PWM scheme in the hybrid MMC, an improved PSC-PWM
scheme is proposed. Take the combination of single HBSM and
single FBSM in the hybrid arm, as an example, which is shown
in Fig. 6. The switching frequency of the FBSM is reduced
to half that of the HBSM, so the output equivalent switching
frequencies of the FBSM and the HBSM are the same. The
total switching loss of the FBSM is close to the HBSM, which
alleviates the uneven loss distribution between the HBSMs and
the FBSMs. In addition, a proper phase-shifting angle 6, which
is equal to 27, in this case, is employed between the HBSM and
the FBSM in order to achieve the best harmonic cancellation
effect. Then, the mismatch pulses on the output voltage are
eliminated as shown in Fig. 6(b).

The improved PSC-PWM scheme for the hybrid MMC is
shown in Fig. 7. The triangular carriers of H HBSMs and F
FBSMs in each arm are shifted by 27/N and a phase-shifting
angle ¢ (0 < ¢ < 27) is applied between the HBSMs and the
FBSMs. Accordingly, the modulation signal distribution of the
improved PSC-PWM for the hybrid MMC is shown in Fig. 8.

Based on the double-Fourier analysis [40], the Fourier repre-
sentation of the output voltages of ith HBSM and ith FBSM in
the lower arm, wynj (7), uywgj () can be expressed as

Vdc
2N

MVae
2N

X sin {M} X J, (@)

2V1C

Uwnj (i) = + cos(wot + ¢;)

HMS

P

X €oS {m (wcht + (i — 1)2%) + n(wet + Lp]-)] (28)

l‘r wj_right(1)

() (b)

Fig. 7. Improved PSC-PWM scheme for a hybrid MMC.
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Fig. 8. Modulation signals distribution of improved PSC-PWM for a hybrid
MMC.
. Vdc MVdL - - Vdc
Ui (1) = 2N+ o 0 (wot + ;) + Z: :Z N

Mmm
XJy <72 )

X COS [2m (wcft+§+(i - 1)%) + n(w.t + ¢, )}

x {sin [3m +n) 5] = (= 1) sin [om+m) 5]}
29)

where we, is the angular frequency of the HBSM triangular
carriers, and w, is the angular frequency of the FBSM triangular
carriers. Note the phase-shifting angle ¢ becomes ¢ ¢ (cp = %)
in (29) because the carrier frequency of the FBSM is half that
of the HBSM.



88

The Fourier representation of the output voltages of ith HBSM
and ith FBSM in the upper arm, wyyj (7) and wys (7) can be
expressed as

. ‘/dc ]‘/[I/dc
wg (i) = 555+ S cos(wot + ;)
- S dc . (m + n)ﬂ' Mmn
+WZ: Z mﬂNxsm{ 5 :|><J,L< 5

X cos [m <wcht +6+ (i — 1)%)

+n(w,t+ ¢; + ) (30)

‘/dc
2N

MYV, -
Ungi (1) = + 1 cos(w,t + ®;) Z

- Vdc
2N ;x mnaN
M 0
xJy, (%) X €OS |:2m (wcft + % + 5—|—(7 — 1)%)

+n(w,t + p; +m)

X {sin [(3m +n) g] —(=1)"sin [(m +n) 2}} €20}

Note the displacement angle 6 becomes 0 (9 = %) in (31)
because the carrier frequency of the FBSM is half that of the
HBSM. Because w.;, = 2w.t, (29) and (31) can be derived as

Vae
2N

Mmm
xJ, (72 )

2T
X COS [m <wd,t + o+ — Uﬁ) + n(w,t + (,0]‘):|

Vd(‘

) MV(- o0 oo
Uy (1) = + 2]\; cos(wot + ;) + Z Z

X;{ sin [(3m +n) g]
—(—1)"sin [(m +n) g] } (32)

‘/dc ]\/[Vdc = =
2N+ oN o8 (wot + ;) + z:: ;

Mmm 27
xJ, (T) X COS { (wcht+<p+0+ (i — Dﬁ)

+n(w.t + p; + )

Vlc

g (4) =

X

{sin [(3m +n) g} —(=1)"sin [(m +n) g] } .
(33)

| —
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By summing the output voltages of the H HBSMs and the F
FBSMs, the arm voltages can be obtained as

MV]C

cos(wot + ;)

H
X {Z cos {m (wcht + (i — 1)%) + n(w,t + %‘)} (34)
cos [m (wcht+<p+(i — 1)%) +n(wot + ‘Pj)]

i—1 xl[(—l)m

Uy = E uth

—(=1"]

Vlc

Zuuﬁ . M;/dc

cos(wot + ;)

‘ 2V Mmn . [(m+n)r
+mZ:1n; mﬂNXJ"< 5 )><s1n[72 }
- o
x{;cob {m (wcht+9+(z—1)N> (35)
+n wot+ 2 + ﬂ-)]
cos {m (wc,ht—l— o404+ (i— 1)2%)
F
+> tn(wot+@; + )]
i=1
xS l(=1)" = (=1)"]
5 .
To achieve the best harmonic cancellation effect, the
FBSMs should behave like the HBSMs with phase
shifted by 27/N incrementally [43]. Therefore, the

term Zfil cos [m

xz[(=1)"

cos [m (went + o + (i — 1)3F

(went + @+ (i — 1)E+) + n(wot + ;)]
— (—1)"] in (34) should satisfy

+) + n(wot + ;)]

F
i=1

)= )" = (= 1)"]
— ,;_XZ:HCOS { (Wcht+ (i — 1>§V> + n(wot + %‘)}

(36)

Assuming ¢ = ar + b (0 < ¢ < 27),dueto H+ F = N, the
following equation can be obtained:

Z cos [m (Wcht +o+ (i - 1)%) + n(wot + %‘)}

. 2w 2rH
1Cos {m (wcht+ (i — Dﬁ T +b>
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1 m—+an n-+am
Fnlant + )] [(= 07 = (=100
N
. 27
= Z cos {m (wcht + (i — 1)]\7)
i=H+1
+ n(w,t + @j):| . 37)
So the following equation can be derived:
1 1 m+am 1 n+am7l _ 1
e A .
b 2nH 0 (38)
- =0

If (m + n) is even, the third terms in (34) and (35) become
zero. Therefore, (38) should be satisfied when (m + n) is odd.
The values of a and b can be obtained as

a=1
, _ 2 (39)
=N
Then, phase-shifting angle ¢ is given by
2rH
= —_— 40
p=mt— (40)

Note this phase-shifting angle is based on the carrier fre-
quency of the HBSM.
Therefore, (34) and (35) can be rewritten as

H
. Vd(‘
Uwj = uth + uwf]
i=1

2Vdc T (]W;mr) « sin {(m —g n)ﬂ'}

+Y

m

]\i’Vdc
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H
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{ (wpht+¥+( I)QN) +n(w0t+¢])}}

(41)
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5 X sin | =
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F
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Then, the following equations can be derived:

‘/dc M de = = 2‘/:1(:
Unj = cos(wot + @) + Z Z — N
m=1n=-o0
M
X Jy <m7r> X sin {(m + n)ﬂ-}
al 2w
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‘/dc M dce 2V;1C
Uynj = Ccos w,,t+<pj + Z z
2 m=1n=-o00 mm N
M
x J, zmr X sin (m 4+ m)m
2 2
al 2w
x{ ;COS [m (wcht +0+(i— 1)N)
t (et + o5 + m} } (44)

According to the derivation process given in [40], the output
voltage and the circulating current of phase j can be obtained
as follows:

M‘/dc

Upj = cos(wot + ;) + Z

MNmm
><J271+1—Nm (7)

2

X €oS (wacht +(2n+1—Nm)(w,t + ¢;)

+Nm(é'71')>COS(Nm(6'7r)) 43)
2 2
. Idc (—1)"Vae
lej = + WZ] 712 mﬂ'NLO (wach (27’L +1-— Nm)wo)
MN
><J271+1—Nm (%)

X €O (wacht +(2n+1—-Nm)(w,t+ ¢;)

+Nm(0”)> X sin <7Nm(9*”)>. (46)

2 2

The output voltage harmonics minimization can be achieved
in the hybrid MMC by choosing the displacement angle as
follows:

0, N is odd
0= . 47
%, N is even “7)
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Under this condition, the following equations can be easily
deduced:

o (Nm(@ - 71'))

2
v 0, Nm is odd .
cos(Amr) = ] , Nisodd
lor(—1), Nmiseven
‘ 0, Nm is odd .
CO‘("ITT(;i)V)) _ . , N 1s even.
lor(—1), Nmiseven

(43)

It can be seen that the voltage harmonics at odd multiples of
the Nmth carrier group are zero. Then, the output phase voltage
is derived as

M;/ac cos(wot + ;) + Z Z —

X J271+1—2Nm (MN’/TLTI’)

Uoj =

x cos 2Nmwent + (2n 4+ 1 — 2Nm)(w,t + ¢;)] .
(49)

Due to the fact that voltage harmonics at odd multiples of the
Nmth carrier group are zero, the center frequency of the lowest
harmonic group is 2Nf.),. Therefore, the filter size can be sig-
nificantly reduced because the cutoff frequency of the output
filter is at least doubled compared with the traditional PSC-
PWM scheme for the hybrid MMC. The center frequency of the
lowest harmonic group for the circulating current is Nf.;, be-
cause the odd multiples of the Nmth carrier group harmonics in
the circulating current cannot be cancelled at this displacement
angle.

The circulating current harmonics cancellation can be
achieved in the hybrid MMC by choosing the displacement

angle as follows:
s
g= < N’
0,

Under this condition, the following equation can be easily
obtained:

sin (Nm(g - ”)> -

N is odd
. (50)

N is even

sin (M) =0, N is odd
(51)

tp)

sin ( =0, N iseven

Therefore, the second term in (46) is always equal to zero, so
the circulating current switching harmonics are fully cancelled.
A pure circulating current without undesirable switching har-
monics can be achieved, so the dc-side filters can be avoided.
The center frequency of the lowest harmonic group for the out-
put voltage is Nf., because the odd multiples of the Nmth carrier
group harmonics in the output voltage cannot be cancelled at
this displacement angle. From (47) and (50), it is clear that
the output voltage harmonics minimization and the circulating

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 1, JANUARY 2017

TABLE I
PARAMETERS OF THE SIMULATION

Parameters Values Parameters Values

Rated active power P 1 MW SM Capacitance C 1.9 mF

DC-link voltage V. 9kV Unit capacitance constant 77 ms
[441 H

Rated line-to-line rms voltage V;;  4.5kV (rms) Carrier frequency f. 750 Hz

Number of SMs per arm N 6 Carrier frequency for 750 Hz
HBSMs £,

Number of HBSMs per arm H 3 Carrier frequency for 375 Hz
FBSMs f.¢

Number of FBSMs per arm F 3 Fundamental frequency 50 Hz
fo

Arm inductance L, = Ly, = M 1 mH (1.6%) Load inductance Ly, . q 1.7 mH

=1L, (2.6%)

Rated SM Capacitor voltage U, 1.5kV Output ac current 128 A (rms)

Values in () are on a three-phase 4.5-kV, 1-MW, and 50-Hz base.

current harmonics cancellation cannot be achieved at the same
time.

The improved PSC-PWM scheme increases the center fre-
quency of the output voltage lowest harmonic group to 2Nf.,,
which is at least double that of the traditional PSC-PWM scheme
for the hybrid MMC. In addition, the improved PSC-PWM
scheme employs lower switching frequency for the FBSMs,
which can alleviate the uneven loss distribution between the
HBSMs and the FBSMs and reduce the total switching loss of
the system.

IV. SIMULATED RESULTS

In order to verify the theoretical analysis and the validity
of the improved PSC-PWM scheme, a simulation model of the
hybrid MMC is built in the MATLAB/Simulink and the structure
of the simulation model is shown in Fig. 1. Each arm contains
three HBSMs and three FBSMs. The coupled inductors are
employed as the arm inductors and the resistive loads are used
in the simulation. The parameters of the simulation model are
tabulated in Table I. The carrier frequency for the HBSMs and
the FBSMs under the traditional PSC-PWM scheme is 750 Hz.
The carrier frequencies for the HBSMs and the FBSMs under the
improved PSC-PWM scheme are 750 and 375 Hz, respectively.

A. Hybrid MMC With Traditional PSC-PWM Scheme

The simulated results of the hybrid MMC with the traditional
PSC-PWM scheme are shown in Figs. 9—14. Figs. 9 and 10 show
the simulated results of the hybrid MMC using the traditional
PSC-PWM scheme for the circulating current harmonics can-
cellation. Fig. 9 shows the phase voltage u,, and the circulating
current waveform 7., . Fig. 10 shows the capacitors voltages, the
arm currents, and the output current waveform.

It can be seen that there are some mismatch pulses on the
phase voltage u,, as shown in Fig. 9(a) due to the different
output equivalent switching frequencies of the HBSMs and the
FBSMs. The center frequency of the lowest harmonic group of
the phase voltage is 2250 Hz (3f. = 3*750 Hz) as shown in
Fig. 11(a), which is equal to Hf, as presented in Section III-A.
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Fig. 9. Simulated waveforms of hybrid MMC using traditional PSC-PWM
scheme for circulating current harmonics cancellation. (a) Phase voltage 4
and (b) circulating current 7., .

B DODID (o4 et ottt ettt
= Ve1 Vea Ve7 V10
201500
= 1000 i ? i
0.85 0.86 0.87 0.88 0.89 0.9
<
2
]
<
5
0.85 0.86 0.87 0.88 0.89 0.9
Time (s)
(c)
Fig. 10.  Simulated waveforms of hybrid MMC using traditional PSC-PWM

scheme for circulating current harmonics cancellation. (a) Capacitor voltages,
(b) arm currents, and (c) output current g, .

The filter size is inevitably enlarged in order to attenuate this
lowest harmonic group.

The switching frequency ripple on the circulating current
ica 18 basically eliminated as shown in Figs. 9(b) and 11(b).
The low-frequency second-order harmonic in the circulating
current can be suppressed by adding an active circulating current
controller [25]. Although there is a small voltage ripple on the
SM capacitor as shown in Fig. 10(a) (<10%), the harmonic
spectra still agree well with the theoretical analysis. Therefore,
the assumption made in Section III is reasonable, in which the
capacitor voltages are assumed to be well balanced.

Figs. 12 and 14 show the simulated results of the hybrid MMC
using the traditional PSC-PWM scheme for the output voltage
harmonics minimization. Fig. 12 shows the phase voltage u,,
and the circulating current waveform i.,. Fig. 13 shows the
capacitors voltages, the arm currents, and the output current
waveform.
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Fig. 11. Harmonics spectra of hybrid MMC using traditional PSC-PWM

scheme for circulating current harmonics cancellation. (a) Phase voltage 4
and (b) circulating current 7., .
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Fig. 12.  Simulated waveforms of hybrid MMC using traditional PSC-PWM

scheme for output voltage harmonics minimization. (a) Phase voltage u,, and
(b) circulating current ¢ .

Although there are some mismatch pulses on the phase volt-
age U, as shown in Fig. 12(a) due to the different output equiv-
alent switching frequencies of the HBSMs and the FBSMs, the
switching frequency harmonic is basically eliminated as shown
in Fig. 14(a). The center frequency of the lowest harmonic group
of the phase voltage is 4500 Hz (6f. = 6 x 750 Hz) as shown
in Fig. 14(a), which agrees well with the theoretical analysis
given by (24). The switching harmonics are shown on the cir-
culating current waveform as shown in Fig. 12(a).The center
frequency of the lowest harmonic group of the circulating cur-
rentis 2250 Hz (3f, = 3 x 750 Hz) as shown in Fig. 14(b), which
is equal to Hf. as presented in Section III-A. The filter size is
inevitably enlarged in order to attenuate this lowest harmonic
group. The voltages of the SM capacitors are balanced as shown
in Fig. 13(a).

B. Hybrid MMC With Improved PSC-PWM Scheme

The simulated results of the hybrid MMC with the improved
PSC-PWM scheme are shown in Figs. 15-Fig. 20. Figs. 15
and 16 show the simulated waveforms of the hybrid MMC
using the improved PSC-PWM scheme for circulating current
harmonics cancellation. Fig. 15 shows the phase voltage u,,
and the circulating current waveform ¢.,. Fig. 16 shows the
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Simulated waveforms of hybrid MMC using traditional PSC-PWM

for output voltage harmonics minimization. (a) Capacitor voltages,

(b) arm currents, and (c¢) output current iy .
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Fig. 14.  Harmonics spectra of hybrid MMC using traditional PSC-PWM

scheme for output voltage harmonics minimization. (a) Phase voltage u,, and
(b) circulating current i¢, .
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Simulated waveforms of hybrid MMC using improved PSC-PWM

scheme for circulating current harmonics cancellation. (a) Phase voltage o,
and (b) circulating current i, .

capacitors voltages, the arm currents, and the output current
waveform.

It can be seen that there are no mismatch pulses on the phase
voltage u,, as shown in Fig. 15(a). The center frequency of
the lowest harmonic group of the phase voltage is 4500 Hz

(6fc =

6 x 750 Hz) as shown in Fig. 17(a), which equals Nf.},
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Fig. 16.  Simulated waveforms of hybrid MMC using improved PSC-PWM

scheme for circulating current harmonics cancellation. (a) Capacitor voltages,
(b) arm currents, and (c) output current iy .
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Fig. 18.

Voltage (V)
o

-5000 i I i h
0.85 0.86 0.87 0.88 0.89 0.9
(a)
Z
5
=]
_200 i i i i i
0.85 0.86 0.87 0.88 0.89 0.9
Time (s)
(b)

Simulated waveforms of hybrid MMC using improved PSC-PWM

scheme for output voltage harmonics minimization. (a) Phase voltage u,, and
(b) circulating current i, .

as presented in Section III-B. The filter size reduction can be
significantly reduced because the cutoff frequency of the filter
is doubled. The switching frequency ripple on the circulating
current 7., is basically eliminated as shown in Figs. 15(b) and
17(b). The SM capacitor voltages are also balanced as shown in
Fig. 16(a).
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Fig. 19.  Simulated waveforms of hybrid MMC using improved PSC-PWM

scheme for output voltage harmonics minimization. (a) Capacitor voltages,
(b) arm currents, and (c) output current g .
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Fig. 20. Harmonics spectra of hybrid MMC using improved PSC-PWM

scheme for output voltage harmonics minimization. (a) Phase voltage u,, and
(b) circulating current 7, .

Figs. 18 and 20 show the experimental waveforms of the
hybrid MMC using the improved PSC-PWM scheme for the
output voltage harmonics minimization. The output voltage is
a 13-level waveform and there are no mismatch pulses on the
phase voltage u,, as shown in Fig. 18(a), the switching fre-
quency harmonic is basically eliminated as shown in Fig. 20(a).
The center frequency of the lowest harmonic group of the output
voltage is 9 kHz (12f. = 12 x 750 Hz), which agrees well with
theoretical analysis given in (49). The frequency of the switch-
ing harmonics on the circulating current waveform is higher than
the traditional PSC-PWM, which is shown in Fig. 18(a). The
center frequency of the lowest harmonic group of the circulating
current is 4.5 kHz (6f. = 6 x 750 Hz) as shown in Fig. 20(b),
which equals Nf;, as illustrated in Section III-B.

Based on the simulated results, it can be seen the improved
PSC-PWM scheme for the hybrid MMC can make the cen-
ter frequency of the lowest harmonics group become higher
compared with the traditional PSC-PWM scheme for the hy-
brid MMC. The cutoff frequency of the filter can be increased
accordingly. Therefore, the size of the filter can be reduced.

1000 Bt I _ 88 wichingluse 1000 BT 1 B D
powi] | 0w T s s00W | T
g} I s00 |- |
- -
Z mi i [~ i
= w48 L aesW BWIWL S e 42w o sesw AT
x £ owill 20wl é m Wil | 2oew I
W ] W W]
el W ! o |21 fiiT i
o b H ! 0 | ! |
HBSM FBSM HBSM FBSM HBSM FBEM I HBSM FBSM
Traditional PSC-PWM  Tmproved PSC-PIWM Traditional PSC-PWM  Improved PSC-PWM

(a) (b)

Fig. 21.  Loss distributions for different PSC-PWM schemes. (a) PSC-PWM
schemes with circulating current harmonics cancellation and (b) PSC-PWM
schemes with output voltage harmonics minimization.
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Fig. 22. Schematic and picture of hybrid MMC prototype. (a) Prototype

schematic and (b) prototype picture.

C. Loss Reduction and Loss Distribution Comparison

To investigate the loss distribution of the HBSMs and the
FBSMs, a simple loss calculation method is employed [34].
The loss calculation is embedded into the simulation model of
the hybrid MMC with the main parameters given in Table I. The
parameters of the semiconductor module, FZ800R33KL2C, are
used in the calculation. The loss distributions of the HBSM
and the FBSM in the same arm under the different PSC-PWM
schemes are shown in Fig. 21.

It can be seen that the loss distribution between the HBSMs
and the HBSMs is very uneven in the traditional PSC-PWM
schemes because the total switching loss of the FBSM is double
that of the HBSM. The switching frequency of the FBSMs in the
improved PSC-PWM scheme is reduced to half that of the tradi-
tional PSC-PWM scheme. Therefore, the total switching loss of
the FBSMs in the improved PSC-PWM schemes is reduced by
half. Accordingly, the loss distribution between the HBSMs and
the FBSMs is much even in the improved PSC-PWM scheme.

V. EXPERIMENTAL RESULTS VERIFICATION

In order to verify the theoretical analysis and simulation re-
sults, a hybrid MMC prototype is built as shown in Fig. 22. The
parameters of the prototype are tabulated in Table II. Each arm
contains three HBSMs and three FBSMs. A coupled inductor
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TABLE II
PARAMETERS OF HYBRID MMC PROTOTYPE

Parameters Values Parameters Values

Rated active power P 622 W Unit capacitance constant 79 ms
[441 H

DC-link voltage V. 300V Carrier frequency f; 750 Hz

Number of SMs per arm 6 Carrier frequency for 750 Hz

N HBSMs fon,

Number of HBSMs per 3 Carrier frequency for 375 Hz

arm H FBSMs f. ¢

Number of FBSMs per 3 Fundamental frequency 50 Hz

arm F fo

Rated SM Capacitor 50V Load resistance Ry, a4 12Q

voltage U,

Arm inductance L, = 0.625 mH (1.6%) Load inductance L1,,,q | mH (2.6%)

Ly =M=1L,

SM Capacitance C 3280 uF Output ac current 7.2 A (rms)

Values in () are on a single-phase 86-V, 7.2-A, and 50-Hz base.

is employed as the arm inductor and a resistive load is used
in the experiment. The carrier frequency for the HBSMs and
the FBSMs under the traditional PSC-PWM scheme is 750 Hz.
The carrier frequencies for the HBSMs and FBSMs under the
improved PSC-PWM scheme are 750 and 375 Hz, respectively.

The digital-signal-processor (DSP) TMS320F28335 is used
as the controller, which executes the control algorithms for the
MMC [44] and generates PWM signals for the SMs. The PWM
synchronization in the traditional PSC-PWM is achieved by
every T.(T. = 1/f.), while the PWM synchronization in the
improved PSC-PWM is achieved by every Ti¢(Ter = 1/ fer).
The duty cycles of the SMs are updated by every T./2(T. =
1/f. = 1/ fen) for both the traditional PSC-PWM and the im-
proved PSC-PWM. An EP4ACE15F17C8N FPGA is used as the
interface between the DSP and the SMs. The PWM signals gen-
erated by DSP are distributed to the SMs by FPGA via optical
fibers, while the capacitor voltages of the SMs are collected and
transferred to DSP via the FPGA.

A. Hybrid MMC With Circulating Current Harmonics
Cancellation

The experimental results of the hybrid MMC with the cir-
culating current harmonics cancellation are shown in Figs. 23
and 24. Fig. 23(a) and (b) shows the experimental waveforms
of the hybrid MMC using the traditional PSC-PWM scheme for
the circulating current harmonics cancellation. Fig. 23(c) and
(d) shows the experimental waveforms of the hybrid MMC us-
ing the improved PSC-PWM scheme for the circulating current
harmonics cancellation.

Both two PSC-PWM schemes have the circulating current
harmonics cancellation effect. The mismatch pulses on the phase
voltage u,, are eliminated by using the improved PSC-PWM
as shown in Fig. 23(c). The capacitor voltages of these two
cases are well balanced as shown in Fig. 23(b) and (d). The
output current ripple of the improved PSC-PWM scheme is also
smaller than that of the traditional PSC-PWM scheme. The FFT
analysis of the phase voltages and the circulating currents are
shown in Fig. 24. Fig. 24(a) and (b) shows the FFT analysis of the
phase voltage and the circulating current for the hybrid MMC
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culating current ., of traditional PSC-PWM, (c) phase voltage u,, of improved
PSC-PWM, and (d) circulating current i, of the improved PSC-PWM.

using the traditional PSC-PWM scheme with the circulating
current harmonics cancellation. Fig. 24(c) and (d) shows the
FFT analysis of the phase voltage and the circulating current for
the improved PSC-PWM scheme with the circulating current
harmonics cancellation.

For the traditional PSC-PWM scheme, the center frequency
of the lowest harmonic group of the phase voltage is 2250 Hz
(3f. = 3 x 750 Hz) as shown in Fig. 24(a). For the improved
PSC-PWM scheme, the center frequency of the lowest harmonic
group of the phase voltage is 4500 Hz (6f. = 6 x 750 Hz) as
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monics minimization. (a) Phase voltage u,,, of traditional PSC-PWM, (b) circu-
lating current i, of traditional PSC-PWM, (c) phase voltage u,, of improved
PSC-PWM, and (d) circulating current ¢, of improved PSC-PWM.

shown in Fig. 24(c). The experimental results match with the
theoretical analysis and the simulation results. The switching
frequency ripples on the circulating current 4., are basically
eliminated in both two cases as shown in Fig. 24(b) and (d).

B. Hybrid MMC With Output Voltage Harmonics
Minimization
Figs. 25 and 26 show the experimental waveforms of the

hybrid MMC with output voltage harmonics minimization.
Fig. 25(a) and (b) shows the experimental waveforms of the

hybrid MMC using the traditional PSC-PWM scheme for the
output voltage harmonics minimization. Fig. 25(c) and (d)
shows the experimental waveforms of the hybrid MMC using the
improved PSC-PWM scheme for the output voltage harmonics
minimization.

Both two PSC-PWM schemes have 13-level output phase
voltage, and a good output current waveform. The mismatch
pulses on the phase voltage u,, are eliminated by using the
improved PSC-PWM as shown in Fig. 25(c). The capacitor
voltages of these two cases are well balanced. The circulating
current ripple of the improved PSC-PWM scheme is smaller
than that of the traditional PSC-PWM scheme. The FFT analysis
of the phase voltages and the circulating currents are shown
in Fig. 26. Fig. 26(a) and (b) shows the FFT analysis of the
phase voltage and the circulating current for the hybrid MMC
using the traditional PSC-PWM scheme with the circulating
current harmonics cancellation. Fig. 26(c) and (d) shows the
FFT analysis of the phase voltage and the circulating current for
the improved PSC-PWM scheme with the circulating current
harmonics cancellation.

For the traditional PSC-PWM scheme, the center frequency
of the lowest harmonic group of the phase voltage is 4500 Hz
(6f. = 6 x 750 Hz) as shown in Fig. 26(a). For the improved
PSC-PWM scheme, the center frequency of the lowest harmonic
group of the phase voltage is 9000 Hz (12f. = 12 x 750 Hz) as
shown in Fig. 26(c). The switching harmonics are shown on the
circulating current as shown in Fig. 26(b) and (d). However, the
center frequency of the lowest harmonic group of the circulating
current is 2250 Hz (3f. = 3 x 750 Hz) for the traditional PSC-
PWM scheme, while it is 4500 Hz (6f. = 6 x 750 Hz) for the
improved PSC-PWM scheme. The experimental results match
with the theoretical analysis and the simulation results.

C. Comparison Between Simulation and Experimental Results

The simulation is based on a I-MW scenario, while the exper-
imental set up is the scaledown prototype of the simulation. The
unit capacitance constant of the experimental set up is close to
that in the simulation. The same value of inductances of the arm
inductor and the output inductor with respect to the base value
are selected. Both the simulation and the experiment verify the
theoretical analysis and show the advantages of the improved
PSC-PWM compared with the traditional PSC-PWM. Due to
some nonideal factors (dead time, sensor noises, sampling delay,
etc) in the real experiment, the harmonic spectra of the exper-
imental results is not so “clean” compared with the simulation
results. However, the advantages of the improved PSC-PWM
compared with the traditional PSC-PWM are still illustrated.

VI. CONCLUSION

In this paper, an improved PSC-PWM scheme is proposed for
the hybrid MMC which consists of the HBSMs and the FBSMs.
The traditional PSC-PWM schemes used in the HBSMs-based
MMC and the FBSMs-based MMC are directly applied to the
hybrid MMC and the harmonic characters are analyzed by us-
ing the double Fourier analysis. It is found that some mismatch
pulses will occur on the arm voltages, which not only generates



96

undesirable harmonics on the output voltages, but also induces
the significantly uneven loss distributions between the HBSMs
and the FBSMs. Therefore, an improved PSC-PWM scheme is
proposed to deal with these issues by reducing the switching
frequency of the FBSM to half that of the HBSM and apply-
ing a proper phase-shifting angle between the HBSMs and the
FBSMs. The improved PSC-PWM scheme can eliminate the
mismatch pulses in the output voltages, alleviate the uneven
loss distributions between the HBSMs and the FBSMs, and
reduce the total switching loss of the converter. The harmonic
characters of the improved PSC-PWM are investigated by using
the double Fourier analysis. The optimum displacement angles
between the upper arm and the lower arm for either the out-
put voltage harmonics minimization or the circulating current
harmonics cancellation are also specified. The analysis results
are verified by both the simulation results and the experimental
results.
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