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Abstract—Modular multilevel converters (MMCs) represent an
emerging topology in medium-voltage (MV) and high-voltage ap-
plications. But for MV variable-speed motor drives, the MMC faces
the challenge of large capacitor voltage ripple at low speeds. De-
lightfully, a hybrid MMC (HMMC) has proved to be potential in
MY motor drives, since this topology has a lower capacitor voltage
ripple and does not introduce any common voltage to the motor.
This paper proposed a method to decrease the average capaci-
tor voltage of the HMMC, which can effectively drive the motor
at very low speeds without significantly increasing the submod-
ule (SM) capacitance. Moreover, the selection of average capacitor
voltage and the dimension of the SM capacitance are presented.
Simulation and experimental results verify the effectiveness of the
proposed method.

Index Terms—Average capacitor voltage, capacitance reduction,
hybrid topology, modular multilevel converter (MMC), variable-
speed drives.

I. INTRODUCTION

ODULAR multilevel converters (MMCs) have recently

drawn increasing attention in medium-voltage (MV)
variable-speed motor drives [1]-[6]. The main problem of the
MMC in this application is the submodule (SM) capacitor volt-
age ripple, which is in proportion with the output current and
inversely proportional to the output frequency. Hence, at low
motor speed with high-torque requirements, the capacitor volt-
age ripple will be unacceptably large and the required capaci-
tance increases. Antonopoulos ef al. [7] proposed reducing the
average capacitor voltage to tolerate a larger capacitor voltage
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ripple. However, the valid speed range of this approach is lim-
ited, which cannot be lower than one-third of the rated speed.
Hence, the SM capacitance has to be much larger and tailored
at low motor speeds to withstand large capacitor voltage rip-
ple. Since SM capacitors account for a large proportion of cost
and weight in the MMC, methods have been proposed to sup-
press the capacitor voltage ripple at very low speeds [8]-[14].
They are based on injections of the common-mode voltage at
ac terminals and circulating current within the phase arms. If
the motor is not designed for the common-mode voltage, the
motor bears and insulations will be damaged. In addition, the
injected circulating current results in significant power losses
as well as overrating of the devices in the MMC. To avoid the
common-mode voltage, Du et al. [15] add a new circuit branch
to transfer power between the upper and lower arms. But the ex-
tra branch needs to bear half of the dc voltage, and the number
of SMs is roughly 1.5 times that of the MMC. In [16], a novel
quasi-two-level pulsewidth modulation (PWM) operation for
the MMC is proposed. This method effectively reduces the arm
energy variation. However, it loses the multilevel characteristic
and each arm has to carry all the output current. Picas et al. [17]
present a discontinuous modulation technique by clamping arm
to dc terminal, which can reduce the capacitor voltage ripple
and switching power losses. But current stress and conduction
losses are unbalanced between clamped and unclamped arms.
In [18], an asymmetric mode control is proposed to suppress the
capacitor voltage ripple. With this method, one arm produces
major dc voltage and no output current, whereas the other arm
produces all output current and little dc voltage. The limitation
of this method is that it can only be used under the low output
voltage condition. Kumar and Poddar [19], [20] use back-to-
back MMC to decrease the dc-link voltage at low frequency to
reduce the capacitor voltage ripple. But these two MMCs use
full-bridge SMs that are unattractive from the cost perspective.
In [21], a dual half-bridge module is inserted between adja-
cent SMs subsisted by two MMC phase arms to attenuate the
capacitor voltage ripples, which leads to significant reduction
of the capacitance. However, this topology requires significant
amount of additional components and can only be used to drive
symmetrical six-phase machines.

A hybrid MMC (HMMC), employing a series switch at the dc
link, is proposed in [22]. It can significantly reduce the capacitor
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voltage ripple and does not inject harmful common-mode volt-
age nor circulating current. However, the capacitor voltage rip-
ple of the HMMC at very low speed is still higher (at least twice
of that at rated speed), which also calls for a larger capacitance.
To solve this problem, an operation of decreasing the average
capacitor voltage is proposed in this paper, which can tolerate
large capacitor voltage ripple even at very low speed. The contri-
bution of this paper is truly realizing the MMC variable-speed
motor drive without significantly increasing the SM capaci-
tance. Compared with existing literatures, the proposed method
can achieve a significant reduction of the capacitance and is
very valuable for engineering. Correspondingly, determination
of the average capacitor voltage is presented, while dimension
of the capacitance by including the average capacitor voltage as
a factor is also proposed.

The remainder of this paper consists of the following. In
Section II, the mathematical expression of the HMMC capac-
itor voltage ripple is derived. Section III proposes the average
capacitor voltage decrease operation, including the optimal se-
lection of this average capacitor voltage and dimension of the
SM capacitance. Then, simulation and experimental results are
given in Section IV, which demonstrate validity of the proposed
method. Finally, Section V concludes this paper.

II. ANALYSIS OF THE HMMC CAPACITOR VOLTAGE RIPPLE
A. Basics of the HMMC Topology

Circuit configuration of the HMMC is shown in Fig. 1(a).
A series switch (S;) is inserted between the MMC and the dc
voltage source. This switch is used to disconnect the MMC with
the dc source at regular intervals, and the dc current (i4c) iS
controlled as a square waveform. Due to the controllability of
14c, the series switch can be soft switched and thyristors can be
used [22].

Considering one of the phases, the output ac voltage and
current are assumed to be sinusoidal

1
u, = Upnicos (wt) = imUdccos (wt) (1

io = IOM COS (wt — ép) (2)

where m is the modulation index, Uy, is the dc source voltage,
Uom and Ipy are the amplitudes of the output voltage and
current, respectively, w is the output angular frequency, and ¢
is the phase lag angle. When a constant-load-torque motor is
connected, Ipoy is constant.

As in motor drive applications, a constant m/w ratio (i.e.,
volt/hertz ratio) is approximately ensured, which gives

m— Mrated w (3)
Wrated

where Myyeq and wryeq are modulation index and output angle
frequency at rated motor speed, respectively. Due to the im-
pact of capacitor voltage ripples in the MMC, myaeq 1S around
0.8-1. In practical motor drive applications, m/w ratio is not
always ensured at a low frequency. The converter sometimes
needs to output an extra voltage to compensate for the volt-
age drop across the motor stator. In this case, we can use
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Fig. 1. (a) Circuit configuration of the HMMC. (b) Sketch map of the operation

waveforms of the HMMC.

“m = K(w — Wrated) + Muared” to replace (3), where slope K
reflects the extent of compensation voltage. Here, (3) is selected
to simplify the analysis in this paper.

As shown in Fig. 1(b), for the series switch Sy switching at
frequency of fj, (f, = 1/ T},) with duty cycle D, the switching
function can be expressed as follows:

0, 0<t<(l—D)T
s(t) = “)
{15 (1_D)Th§t<7-‘h-

The dc current of the HMMC can be expressed as
ige = Lgcs(t) with

3
Idc = ZmratchOM COSQ. (5)

When the motor speed varies, balance of the active power be-
tween dc and ac terminals is achieved by adjusting the duty
cycle D : Uy lyeD = 1.5UgmIomcosp. Hence, for constant-
torque drives with constant /gy, D can be derived as follows:

D=_"Y

(6)

Wrated

The characteristic of the HMMC is that when the series switch
S, is turned OFF, the dc voltage component of the HMMC uy is



reduced to 2Upy, as shown in Fig. 1(b), which gives

ug = s(t)Uqe + [1 — S(t)] 2Uown - (7)

Then, the arm voltages and currents of the HMMC can be

expressed as follows:

1 1
Uy = UG — Uo = §Udc

L5(6) + [1 = s(t)] st

Wrated

Drated wcos(wt)}

Wrated

1 1 ¢))
Uy = 5Ud + u, = §Udc

{50 41— (0] 2ot - o)}
by = %idc + %io = imratchOMS(t)COS(p

+5lonicos (wt — @) )
i1 = Yide — 3o = TMratealon s(t)cosp

—%IOMCOS (wt — ).

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 2, FEBRUARY 2019

Substituting (9) and (10) into (11) yields

1Cu

o] =

— Iown
=i
cos(wt = p)s(t) + Gstweos(wt — @)L — (1)
2 %)
chos(wt)s(t) — gl yeos(2wt — @)
_era:)::::‘(()]quw_’_ m,.atCZd(:OSLpS(t)

OM

1
Mrate _ _
—cos(wt — ¢)s(t) — Tetweos(wt — @)[1 — s(t)]

Wra

2
Miatea ©O8¥ _ Mrated _
+—ged——wcos(wt)s(t) — gt weos(2wt — @)

Myrated COSY Myated COSY
- w s(t
2wrated + 2 ( )

12)

Since fj, is generally ten times higher than the output fre-
quency f (f = w/(2m)). In steady state, it is reasonable to ap-
proximate s(f) by its average value D. Substituting D by (6),
(12) becomes

. ~ _lowm
WCu ™ 50
rated
— Mrsed eos(2wt — ) — ww%os(wt)
» 2 ¥ 2wrated

The ratings of the HMMC are briefly discussed here. The
current stress of S is the amplitude of dc current (which is
always Iy.), as shown in (5). The voltage of S, is the dif-
ference between dc source and dc voltage seen by the MMC
circuit, which is, according to (7), Ug—2Uopm. Since Uoym
would be very small during low motor speeds, the voltage
rating of Sy needs to be designed as Ug.. With respect to
the insulated gate bipolar transistor (IGBT) requirements in
the SMs, according to (9), the arm current stress can re-
main the rated value (1/2lom + 1/3I4) within the whole
speed range. Hence, the SM IGBTs do not need to be over-
sized compared with the existing circulating current injection
methods.

B. Capacitor Voltage Ripple Analysis

In the HMMC, the average SM capacitor voltage Uc is
normally kept balanced at the rated value Uc ated) (Uc (ratedy =
Uqe /N). The insertion indexes of the upper and lower arms are

+w (1 + Miypageq 22l 7“’) cos(wt — @)

Wrated

Iowm
4wrated

_%wCOS(Zﬂt —¢)+

o] N

2
My .qCOSP 2
B W cos(wt)

X
—w (]- + Myrated Hrated _w> COS(Wt - SD)

Wrated

13)

Then, capacitor voltage ripples of each SM can be obtained
by integrating (13)

_ 1 ;
Auc, = Ef’tcudt
2
_ Miated o o _ mIiea oSy
_ _Ionm 4 bln(Zwt (,0) 2Wrated WSIn(wt)
T dwrateaC

+ (1 + Mrated wmwd_w) sin(wt - SD)

Wrated
1 .
AUC[ = 6fZCldt

2
Myrated oj M yated €OSP 3
— sin(2wt — wsin(wt
_ _Iown 4 ( SD)—’_ 2Wrated ( )

T dwratedC

Wrated

— (1 + Mrated Wrated *w) sin(wt _ SD)
(14)

n, o= ——
: 1NUC(I.a‘ted) Merated 1 Myated
= §S(t)u—:_ 3 [1—s(t)] P wrate'd weos(wt)
: INUC(Mtfd) Mrated 1 Myated
_ 55(75) + 3 [1— s(t)] " §chos(wt).

(10)

Then, the current flowing through the capacitor of each SM

can be obtained by

an

{ 0w = My ly
i(jl = nm.

where the voltage ripple contains fundamental and second-order
components. With respect to the second-harmonic component,
its amplitude is Ucs (= TomMiated / (16wraeaC')). Fig. 2 com-
pares Uco with the fundamental component U [the expression
of Uc; will be shown in (16)] in full frequency range. (The pa-
rameters are the same as the simulation in Section IV, as shown
in Table I.) It can be seen that U¢y is invariant with frequency
and is about 10%-20% of U¢. Hence, by introducing some
margin voltage when designing the SM capacitance, U9 can
be neglected for simplicity.

Thus, the fundamental component dominates; then, Auc,
and Aue; can be simplified as follows:

{ Aucy =~ Ucqsin(wt+0) (15)

AUCZ ~ —U(;lsin(wt—l—ﬁ)
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Fig. 2. Comparison between U and Uc o in full frequency ranges.

TABLE 1
SIMULATION PARAMETERS

HMMC parameters
Number of SMs per arm N=10
DC-source voltage U =8000V
Rated SM average capacitor voltage Uc(ratea =800V
SM capacitor peak voltage limit Ujimic=840V
Margin voltage AU=880V
SM capacitance C=4mF
Arm inductance L=1mH
Rated output frequency fraea=50HZz
Rated modulation index Miarea=0.8
Rated phase current magnitude Ioy=250A
Rated dc current 1,=150A
Switching frequency of each SM f=1kHz
Series switch IGBT (two in series)
S, switching frequency =101
Snubber resistance 200Q
Snubber capacitance 1uF
RL load parameters
Load resistance Rioaa=13%£150 Q
Load inductance Lipeq=2mH
PMSM parameters
Rated active power P=12MW
Number of pole pairs pp=10
Rated rotor speed Nratea=3001/min
Rated rms line-to-line voltage U wiea=4kV
Mechanical load torque Tioaa=34 000NmM

where U and 6 are the amplitude and phase angle, respectively,
with

2 4 2
W me L cos?y
(1 Mrated Wrated —W ) rated P2

U Iom Wrated 4wl
cl = 7w~
4wratedc Mg COS7 0 Wrated —W
- Wrated 1 + Mrated Wrated w
(16)
0 — arctan ( 2tansﬁj((*‘)rated +mratedwrated _mratedw) )
= 3 .
(mrated +2Mrated )w —2Wrated — 2Mrated Wrated

a7
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It is found that Ugs; decreases as w increases. (A detailed
analysis is given in the Appendix.) Thus, the minimum capac-
itor voltage ripple occurs at rated speed and its amplitude is
calculated by inserting w = wryeq into (16), which is

Iom

Uci(rated) = 8wrateaC

\/4 +ml  qcoso —4m?  _ cos?ep.
(18)
On the other hand, the maximum capacitor voltage ripple is
at zero speed, which can be derived by substituting w = 0 into
(16), that is
Towm

UCl(zero) = m(l + mrated)-

Hence, the maximum peak value of capacitor voltage is
Uc (rated) + Uc'1(zer0)- This value cannot exceed the capacitor
voltage limit Ui, otherwise the capacitor may break down,
which gives

19)

UC(rated) + UCl(zero) < Dlimit - (20)

According t0 (19), Uc(zero) is inversely proportional to the
SM capacitance C. A larger C results in a smaller Uc (ated) +
Uc1(zero)- Therefore, to avoid overvoltage on the capacitor, the
minimum capacitance for the HMMC can be determined by
inserting (19) into (20), which gives

IOM (]- + mrated)

Cmin 1= .
4wrated(ljlimit - UC(rated))

2

This equation shows the dimension of the HMMC SM capaci-
tance when the SM average capacitor voltage U keeps constant
and is equal to Uc ated)-

III. AVERAGE CAPACITOR VOLTAGE DECREASE OPERATION
OF THE HMMC

A. Selection of the SM Average Capacitor Voltage

For further reduction of the capacitance, an average capacitor
voltage decrease operation of the HMMC is proposed. This
operation decreases the SM average capacitor voltage U¢, so
that a larger capacitor voltage ripple can be tolerated without
overvoltage on the capacitor. In this case, Uc varies with output
frequency and can be lower than U (raieq). To maintain the arm
output voltage, the arm insertion index of (10) needs to be
modified

ro— o uy  Uctaieq)
u = NUZ Uo 22)
n — M _ UC‘(ralcd)n

L= Nue =~ Ueo L

According to (11), (14), (15), and (22), the capacitor voltage
ripple becomes

{ Auc, = 7UC(UTZ“‘” Ucisin(wt+0)

Uc (ratec .
Aucy = f%U01s1n(wt+9).

(23)

Then, the peak of capacitor voltage can be expressed as
follows:

UC(ratcd)

Uci.
UC C1

UC,peak = UC+ (24)
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Fig. 3. Curve of relationship between U¢ peak and U¢ .

This peak value should satisfy the constraint of

UC',peak < Ulimit- (25)

Fig. 3 shows the relationship between Ug peax and Uc. When
Uc liesin [, /Uc atedyUc1 5 Uc(mted)] , appropriately decreasing
Uc can reduce Uc peak. In order to find this desirable U, insert
(24) into (25)

Ug‘ - Ulimt UC + UC(rated)UCl < 0 (26)

which forms a quadratic equation of Ug. Before solving
this equation, it is necessary to make sure real solutions ex-
ist. This means that the discriminant of the equation should
satisfy Ui, — 4Uc (rated)Uc1 = 0, which gives

2
limit

U1 < . 27)
4UC(1'ated)
With this constraint, Ux can be solved as follows:
Uco <Uc <Ucy (28)
where

U o Ulimit7\/U12imit74UC(r:\tc(l)U(71
o ’ 29)

Ucy = U““‘“+\/U12amn2*4U0(rauu>Uc| )

In practice, to ensure sufficient output voltage in case of a
sudden change of the motor load, the upper limit U , is selected
as the reference value of U

Uc =Ucy. (30)

B. Dimensioning of the SM Capacitance

It should be noted that selection of U~ needs to ensure that the
SM is not overmodulated, which means when Ux = U¢ 3, the
sum of the capacitor voltages on each arm should be sufficient
to support the arm output voltage. Since the upper and lower
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Uyl2

2Uom 1

0

Fig. 4. Example of the HMMC up arm output voltage u,, and its envelope
Uy o inacycle (T =27 /w).

It is worth noting that a margin voltage AU is considered in
(31). This voltage is used to provide circulating current control
and accommodate any transient processes. Note that the arm
voltage w,, is a switching waveform that is difficult to analyze.
To simplify analysis, the envelope u,_¢; is used, as shown in
Fig. 4, and its expression is

Wrated

1
Uy_o] = §NUC(rated) {1 - mdtédwcos(wt)} . (32)

By replacing u, in (31) with (32), we have

N(Ucp + Aucy) > uy e + AU. (33)
Then, inserting (23), (29), and (32) into (33) leads to
Utimit + /Ul —4Uc (ratea) U
+Ulunit+\/U121mn_4U(7(ratvd)UCI Ucisin(wt+0) (34)

> LNUC (ratea) {1 _ ’”f*ﬁwcos(wt)] + AU.

Simplifying (34) gives

2
Ulimit

P
_4UC(rated)UCl - 1- sin(wt + 9)

o |1 - meescos(@)| Ucguien) | (35)
[1+ sin(wt + 6)] Uimit
It can be seen that the polynomial on the right-hand side of

(35) varies cyclically with time ¢ (whose cycle is 27/w). At any
time, (35) must be satisfied to prevent overmodulation. Thus,

2AU
R

\/U12mm — 4U¢ (ratea)Uc1 has to be no less than the maximum

of the right-hand side in (35). Define w,, (w) as the maximum
at angular frequency w in a time cycle, which is expressed as
Eq. (36). (Eq. (36) is shown on the bottom of this page.)

Then, the right-hand side of (35) can be replaced by u,, (w),
and (35) further becomes

U12imit — u, (w)

arms are symmetrical, taking upper arm as an example, that is Uy < i m (37
C(rated)
N(UCJ) + AUCU) > u, + AU. (€2))
[1 — B wcos(wh) | o puren o
Up (W) = max —|-21A\7U — [1 + sin(wt + 0)]Uyimit te 0, W (36)

1—sin(wt+0)
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Hence, for any w (w € [0, wryeq]), (37) should be satisfied to
avoid overmodulation when the average capacitor voltage Ugx
decreases to Uq . Moreover, this equation has a nice feature that
it covers the constraint of (27). As such, when (37) is satisfied,
the existence of the real solution Ug 4 in (26) can be ensured.

According to (16), U¢ is inversely proportional to SM capac-
itance C. Thus, (37) also indicates how to dimension the capac-
itance. Substituting (16) into (37), the capacitance requirement
is derived as follows:

TIom Uc (rated)

Wrated

C>

2 4 2
ol — ml . jcos’p
(1 + Mrated Wrated W) rated Y. ,2

A2
Wrated AWliiea

2 2
M iated €O8” ¥ 1 Wrated —W
——fated __ © Myated 21— ) w
Wrated ( + rated Wrated
8 72— () (38)
limit m

This equation varies with w, which means different capaci-
tances are required at different speeds. Hence, in order to cover
the requirements of the capacitance within the whole speed
range, the minimum SM capacitance can be determined by the
maximum value of (38) with w € [0, Wraged]

IomUc (rated) X

Wrated

Cmin,Z = (39)
where eq. 40 as shown bottom of the page.

It should be noted that the calculations of w,, (w) and x are
very complex, which has to be solved by the aid of numerical
solution.

Therefore, under this average capacitor voltage decrease op-
eration, the SM capacitance can be dimensioned by (39). While
in the traditional operation whose average capacitor voltage is
constant, the SM capacitance needs to be determined as (21).
Fig. 5 further shows an example of the SM capacitance un-
der different capacitor peak voltage limits Ujjyi;. The HMMC
parameters of this example are as follows: Myeq = 0.8, cosp
=0.99, and AU = 11% Uy.. It can be seen that at the same
capacitor peak voltage limit, in contrast to the traditional op-
eration, the required SM capacitance is greatly reduced with
the proposed operation. When Usipi¢ is above 120% Uc (rateq),
the effectiveness of the proposed method is weakened. This is
because a high Ujimie allows a large capacitor voltage ripple, and
the converter already has enough capacitance in this case.

IV. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results With RL Loads

In order to verify the effectiveness of the proposed method,
a 1.2-MW HMMC is simulated, using MATLAB /Simulink
software. The HMMC is designed with ten SMs per arm, and
the rated capacitor voltage is 800 V. Detailed parameters of the
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xl‘+ Parameters
Drated Ucrate
AT e Mrea=0.8, €050=0.99, AU=11%Uj

Traditional operation
C:CmuLI

SM capacitance C

Proposed operation
C=Cin 2

11 115 12 *Vewen
Capacitor peak voltage limit Uj;;,

Fig. 5. Example of the SM capacitance dimensioning of traditional and pro-
posed operations in dependence of the capacitor peak voltage limit.
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Fig. 6. Simulation waveforms of the HMMC at 50 Hz.

simulated circuit and operating conditions are listed in Table I.
The RL load is used to test the steady-state performance.
The load resistance varies linearly with the output frequency
(Rioaa = 13 x f50[€2]) to emulate the constant torque charac-
terisitc (with Iop = 250 A) of the motor. According to the line
of proposed operation shown in Fig. 5, the SM capacitance is
selected as 4 mF with the capacitor peak voltage limit Uy, set
to 840 V (1.05U¢ (rated))-

Fig. 6 shows the operation waveforms of the HMMC at a
rated frequency (fraea = 50 Hz). The HMMC operates as the
traditional MMC with the series switch kept ON. The dc cur-
rent 74c 18 at its rated value 150 A, and the arm current (7,4
and 7;5) amplitudes are approximately 175 A, which equals
(1/314c + 1/21om). Average capacitor voltage Uy is equal to
Uc (rated) (800 V), and the peak value of capacitor voltage Uc pea
is 837 V. It is worth to note that the series switch is con-
stantly ON and generates additional conduction loss at the rated
frequency. To compare the losses, the 1.2-MW MMC in the sim-
ulation study (parameters are shown in Table I, and the Infineon

Wrated

Wrated —W
(1 + Myaged =
X = max

Wrated

2 2
m? . cos?p WDratad —w
rated (1 Myated Leated ,
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Fig. 7. Simulation waveforms of the HMMC at 30 Hz. (a) Traditional operation (Ux = 800 V). (b) Proposed operation (Uc = 770 V).
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Fig. 8.  Simulation waveforms of the HMMC at 10 Hz. (a) Traditional operation (Ux = 800 V). (b) Proposed operation (Uc = 731 V).

FZ600R12KE3 IGBTs are adopted in the SMs) is analyzed,
which presents an efficiency of 99.35% at the rated frequency.
Then, conduction loss of the series switch (including three Infi-
neon FZ400R33KL2C_B5 IGBTs) is estimated as 0.95 kW, and
the efficiency of HMMC is 99.27%. The losses are increased by
approximately 12%, which is acceptable. Moreover, a bypass
switch can be used to bypass the series switch when the HMMC
is at the rated frequency, to further reduce this loss.

In the proposed average capacitor voltage decreasing opera-
tion, U is selected as the reference Ue , in (29). Fig. 7(a) and
(b) shows the simulation waveforms of the HMMC at 30 Hz
under the traditional and proposed operations, respectvely. In
Fig. 7(a), Uc peak is 865 'V, which exceeds the capacitor peak
voltage limit (Ujjmie = 840 V). While decreasing Uc from 800
to 770 V, Uc peak is 834V, as shown in Fig. 7(b). When fre-

quency f'decreases to 10 Hz, Ug peak rises to 899 V, as shown in
Fig. 8(a). But, with U¢ reduced to 731 V, Ug peax is only 835
V, as shown in Fig. 8(b). These confirm the proposed operation
has lower peak of the capacitor voltage.

Fig. 9(a) and (b) further shows the simulation waveforms
of HMMC at 2 Hz. Under this very low frequency, Uc peak
increases dramatically to 917 V, as shown in Fig. 9(a). In con-
trast, Uc peak 18 still 837 V by decreasing Uc to 708 V, as shown
in Fig. 9(b). This proves that the proposed operation can still
effectively reduce the peak value of capacitor voltage even at
very low frequencies.

To show that the reduction of U does not result in overmod-
ulation, the simulation waveforms of the inserted arm voltage at
50 Hz, 30 Hz, and 2 Hz are shown in Figs. 10-12, respectively.
It is shown that summation of the capacitor voltage uc,a is
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Fig. 9. Simulation waveforms of the HMMC at 2 Hz. (a) Traditional operation (Uc = 800 V). (b) Proposed operation (Uc = 708 V).
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Fig. 11.  Sum capacitor voltage and inserted voltage of the upper arm with the
proposed method at 30 Hz.

always higher than the inserted arm voltage w, 5, with a mini-
mum voltage margin of Yuc,a — uya = 780 V. The theoretical
voltage margin is designed as 880 V, so there is an 11% devia-
tion between the theoretical and actual values. This is because
the voltage drop across the arm inductor and the second-order
harmonic component of the capacitor voltage are ignored for
simplicity in the analysis.

A detailed comparison of the simulation results at different
frequencies is illustrated in Fig. 13. It can be seen that in the tra-
ditional operation, Uc remains constant; thus, Uc peax increases
when the frequency decreases and its maximum is up to 917 V.
This maximum peak is far more than the capacitor peak volt-
age limit (Ujjyi = 840 V), which means a larger capacitance
is needed. However, the proposed operation reduces U¢ as the

proposed method at 2 Hz.
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UC Ch
900
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& 800
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Fig. 13.  Comparison of the simulation results in full frequency ranges.

frequency decreases, and U¢ peax is stable at only 837 V within
the whole frequency range. So, the capacitance does not need
to be increased. In other words, under the same capacitor peak
voltage limit, the proposed operation can reduce the capacitance
significantly.

B. Simulation Results With PMSM

To test the dynamic performance of the proposed method
at a low frequency, a 1.2-MW/4-kV permanent magnet
synchronous motor (PMSM) startup is simulated (detailed
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Fig. 14. Simulation waveforms of a PMSM motor driven by the HMMC from standstill to 180 r/min with constant load torque. (a) Traditional operation.
(b) Proposed operation.
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Fig. 15.  Pictures of the HMMC motor drive platform.
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Fig. 16.  Experimental circuit configuration.

TABLE II
EXPERIMENTAL PARAMETERS

HMMC parameters
Number of SMs per arm N=3
DC-source voltage U,;.=450V
Rated SM average capacitor voltage Ucn=150V
Margin voltage AU=78V
SM capacitor peak voltage limit Ujimi=164V
SM capacitance C=1.86mF
Arm inductance L=2mH
Rated output frequency Jfratea=30Hz
Rated modulation index mp=0.8
Rated phase current amplitude Tomgaea=15A
Rated dc current Licrarea=8A
PSC-PWM frequency f=3kHz
Series switch IGBT(FF300R12KE3)
S, switching frequency Si=10xf
Snubber resistance 37Q
Snubber capacitance 10puF
IM parameters
Rated power S=7.5kw
Number of poles p=2
Rated speed n,~1460rpm
Stator line-line rated rms voltage U=380V
Stator line-line rated rms voltage I=157A
Power factor cosp=0.82

parameters are shown in Table I). As shown in Fig. 14(a),
starting from 0.04 s (ty = 0.04 s), the PMSM accelerates from
standstill to 180 r/min with constant torque. The maximum
Uc peak 18 927 'V, which is severely out of the capacitor
peak voltage limit Ujnir (840 V). So, a larger capacitance is
needed. Under the same simulation conditions, for the proposed
method, as shown in Fig. 14(b), the maximum Ug peqx is be-
low Ulimie (Which is only 835 V). Thus, the proposed method
can realize low-speed operation without increasing the SM
capacitance.

C. Experimental Results With Induction Motor (IM)

The proposed operation is further verified by a scaled-down
HMMC motor drive platform, as shown in Figs. 15 and 16.
There are two IMs (Siemens 1LE0001-1CB23-3AA4). One is
driven by a four quadrant drive (ABB ASC800-11-0016-3) pro-
viding a constant torque load. The other is driven by the HMMC,
which contains three SMs per arm with the rated average capac-
itor voltage of 150 V. Detailed parameters of the experimental
platform are listed in Table II.

Due to limitation of the prototype, the maximum output volt-
age of the HMMC cannot satisfy the full magnetization voltage
that IM requires at the rated speed. Thereby the base speed here
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Fig. 17.  Experimental waveforms of the HMMC at 30 Hz.

is set to 60% of IM rated speed, i.e., fiaea = 30 Hz. The motor
load torque is constant, which is 25 N-m with Iy being 15 A. In
the experiment, Ujiyj 18 set to 164 V (1.09U¢ (raeq)). According
to (39), the SM capacitance is selected as 1.86 mF.

Fig. 17 shows the experimental results of HMMC at the rated
frequency f = 30 Hz. The waveforms are the same as the tra-
ditional MMC, where the dc current 74 is at its rated value 8 A
and the arm currents (i, and i;5) amplitudes are about 10 A.
The peak value of capacitor voltage Uc peax is 163 V with the
capacitor voltage ripple of 19 V.

Fig. 18(a) and (b) compares the waveforms in the traditional
and proposed operations at 20 Hz. In Fig. 18(a), U¢ is equal to
its rated value 150 V and U peak is 166 V. When decreasing Uc
t0 145V, U¢ peak 1s reduced to 160 V, as shown in Fig. 18(b).
When the HMMC operates at 15 Hz, U peak 18 168 V, as shown
in Fig. 19(a), and it is suppressed to 160 V with the decrease of
Uc, as shown in Fig. 19(b). As fis further reduced to 10 Hz,
Uc peak 1ises to 171 V, as shown in Fig. 20(a). With decreasing
Uc from 150 to 134 V, Ug pear is only 161 V, as shown in
Fig. 20(b).

When the HMMC operates at low frequency f = 5 Hz, as
shown in Fig. 21(a), the capacitor voltage ripple becomes large
(58 V), leading to a very high peak Uc¢ peak = 181 V. This has
been out of the capacitor peak voltage limit Uy, (164 V).
But in Fig. 21(b), by decreasing Ux to 127 V, a larger ca-
pacitor voltage ripple (69 V) can be tolerated and Uc peax is
only 162 V.

Fig. 22 shows the experimental waveforms of S; with the
proposed method at 5 Hz. Before S is turned OFF, iq, is already
brought to zero. The voltage of the series switch u,, has very
little voltage spike (about 15 V) during switching OFF process,
of which peak value is about 380 V.

Fig. 23(a) and (b) further shows the experimental results at
3 Hz. Under this very low frequency, the proposed operation can
still maintain Ug peax at 164 'V, as shown in Fig. 23(b), where
Uc peak is reduced by 20 V compared with Fig. 23(a). It verifies
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Fig. 19.  Experimental waveforms of the HMMC at 15 Hz. (a) Traditional operation (Ux = 150 V). (b) Proposed operation (Ux = 143 V).
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Fig. 20. Experimental waveforms of the HMMC at 10 Hz. (a) Traditional operation (Ux = 150 V). (b) Proposed operation (Ux = 134 V).
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Experimental waveforms of the HMMC at 5 Hz. (a) Traditional operation (Uc = 150 V). (b) Proposed operation (Uc = 127 V).
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that the proposed operation can effectively reduce the peak of
capacitor voltage within the whole frequency range.

Fig. 24 summaries the experimental results. In the traditional
operation, U is constant and Uc peqx increases as the frequency
decreases. The maximum of Uc peax is 184 V, which exceeds
the capacitor peak voltage limit (Ujiniy = 164 V) by a great deal,

(b)

Experimental waveforms of the HMMC at 3 Hz. (a) Traditional operation (Ux = 150 V). (b) Proposed operation (Ux = 125 V).

indicating a larger capacitance is needed to limit Uc peax. But
for the proposed operation, U¢ decreases with the reduction of
frequency, making Uc peax remain around 163 V within the
whole frequency range. This means the proposed operation
results in a significant reduction of the capacitance under the
same capacitor peak voltage limit. It should be noted that the
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Fig. 25.  Acceleration/deceleration experimental waveforms of an IM motor driven by the HMMC. (a) Traditional operation. (b) Proposed operation.

experimental value U¢ is lower than its reference U¢ 4, partic-
ularly at low frequencies. This is due to the nonlinearity of the
motor volt/hertz ratio at low frequencies, which means ampli-
tude Ugwm has to be increased to compensate the voltage drop
of the motor stator. Thus, the dc voltage seen by the HMMC uy
in (7) also needs to be increased, leading to the increase of the
capacitor ripple and U¢ peax. Hence, a lower Ug has to be used.

Fig. 25(a) further shows the IM acceleration/deceleration
experimental waveforms with the traditional operation. The
motor decelerates from 500 r/min to zero speed and main-
tains about 2.5 s. Then, the motor accelerates from zero speed
back to 500 r/min. The torque is kept constant throughout the
acceleration/deceleration process and the magnitude of output
current 4,4 keeps 15 A. The maximum of U pea is 187 V. Un-

der the same experimental conditions, with the proposed method
the maximum of Ug peax 1s further reduced to 167 V, as shown
in Fig. 25(b). Thus, the effectiveness of the proposed method is
also verified.

It is worth to note that at speeds very close to zero (below
1-2 Hz), the duty cycle D of the HMMC will be so small that
it approaches the time limit for current control, and the SM
capacitor voltage ripple will be much larger. Therefore, it is
not possible for the HMMC to drive a motor stably operating at
zero speed with a high torque request [22]. However, most of the
industrial motors are not required to stably operate at zero speed,
despite starting torque is always required to overcome the initial
friction. It is naturally easy for the HMMC to surpass the very-
close-to-zero speed region due to the acceleration of the motors,
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and the SM capacitor voltage ripple would be reasonably limited
(as shown in Fig. 14). Moreover, for IM, existence of the slip
makes the frequency of the stator higher than the rotor. Hence,
when the rotor is at zero speed, frequency of the stator current is
not zero, and the HMMC can even stably operate at zero speed
(as shown in Fig. 25).

V. CONCLUSION

HMMC is a promising topology for MV variable-speed
drives, due to its distinctive features, such as lower capacitor
voltage ripple, high efficiency, and no common-voltage prob-
lem. In this paper, to further reduce the capacitance of the
HMMC, the average capacitor voltage decrease operation is
proposed. The peak of capacitor voltage can be reduced and a
larger capacitor voltage ripple can be tolerated even at very low
speed. Selection of the average capacitor voltage is presented,
and dimensioning of the SM capacitance is also discussed. The
feasibility and effectiveness of the proposed method are con-
firmed by simulation and experimental results.

APPENDIX:
PROOF OF THE CAPACITOR VOLTAGE RIPPLE MONOTONICITY

In (16), to prove that Uq is reduced with the increase of w,
the first derivative of U, versus w is analyzed

dUci _ Iom  dp (AD)
dw 8wrated C'\/ dw
where
Wrated — W\~ | M 0qC0STQ
H = 1+mrated7 + - 1 2

Wrated 4wratcd

m?atedCOSQQD Wrated — W
— 0 —— 1+ Mpateda——— Jw.  (A2)

Wrated rated

In motor drive applications, a constant m/w ratio (i.e.,
volt/hertz ratio) and Ipy is ensured, and the power factor cosip
is basically constant. Then, du/dw can be derived as follows:

4 2 3 2
dp _ 0.5M g COS™ @ + M2, ,qCOs“p W

dw Wrated Wrated
(erated + Myrated cos? 90) (1 Wrated — UJ)
- - mra‘ted - .
Wrated Wrated
(A3)
When w is O~wryeq, the following expressions are satisfied:
Y < (Ad)
Wrated
Wrated — W
1 + mratedL 2 1. (AS)
Wrated
Inserting (A4) and (A5) into (A3), gives
dp _ 0.5m? ,qcos?p +m?,,  cos’p
dw — Wrated
B 2mratcd + mratchOSQQO ) (A6)

Wrated
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Note that

4 2 3 2 2
0'5mratedcos ©+ Myated COS™ P N 2Myated + Mrated COS '

Wrated Wrated

Myated ‘
=— (2 = 0.5m, qcos ) + cosp(1 — m2 ) }

(AT)

Wrated

and
2 —0.5m3,,.qco5’0 > 0, cos’o(1 —mZ.q) >0 (A8)

with the absolute values of m;aeq and cosp no higher than 1.
Inserting (A6)—(AS8) into (A1), it can be obtained that

dUc
dw

< 0. (A9)

Hence, U¢; is monotonously decreasing as w increases. This
means Ugcq reaches the minimum and maximum values when
W = Wraed and w = 0, respectively, as shown in (18) and (19).
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