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Abstract— Low-speed drive is one of the challenges for
modular multilevel converters (MMCs) due to large
capacitor voltage fluctuation. In this paper, a cascaded
MMC and cycloconverter (CCV) based machine drive
system is proposed to ensure stable operation of medium-
-voltage and low-speed machine. The MMC provides
medium-frequency ac voltage for the CCV, and the CCV
converts the medium-frequency ac input to low-frequency
ac output required by the machine. Detailed analysis about
MMC’s operation frequency, device current stress and
submodule (SM) capacitance are given in this paper.
Proposed drive system can operate at zero/low frequency
under rated load torque, while the SM capacitance is much
smaller than that in existing methods. Simulation and
experimental studies are conducted, and the results verify
the effectiveness of proposed system.

Index Terms— Capacitor voltage, cycloconverter, low-
speed machine drive, modular multilevel converter (MMC).

I.  INTRODUCTION

The modular multilevel converter (MMC), which was firstly
proposed in 2003 [1], has become the most potential topology
for next-generation medium/high-voltage applications due to its
advantages such as modularity, high efficiency, and flexible
expandability [2]-[7]. In recent years, the MMC is attractive for
the medium-voltage drive applications.

The submodule (SM) capacitor voltage fluctuation is one of
the important issues for the MMC working at low frequency.
The voltage fluctuation is inversely proportional to the
operation frequency of the MMC [8]. For the MMC’s zero/low-
speed high-torque scenarios such as hoister, conveyor and mill
applications, the voltage fluctuation will be large and
unacceptable, which would cause overmodulation and degrades
the system reliability [9].

To date, the mainstream solution to suppress the capacitor
voltage fluctuation in the MMC at low speed is the current
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injection based methods [10]-[14]. Kolb et al. [10] presents the
injection of high-frequency sinusoidal common-mode voltage
and circulating current, which can eliminate the low-frequency
capacitor voltage fluctuation, but the device current stress is
increased [11]. To reduce the device current stress, the
improved injection methods [12]-[14] are proposed for the
MMC. However, the injection of high-amplitude current is still
needed. The current injection based methods require to inject
high-amplitude circulating current and the device current stress
is extremely high especially in low-speed high-torque scenarios.

Alternatively, the capacitor voltage fluctuation in the MMC
at low speed can be reduced by variable dc voltage methods
[15]-[21]. Li et al. [15] proposes a hybrid MMC (HMMC) with
a chopper on the dc side, which can change the average dc
voltage along with the variation of output frequency. However,
the average dc voltage cannot be reduced to zero, so the voltage
fluctuation is still high at zero/low speed. Sau et al. [16] applies
parallel SMs in [17], then the MMC operates with one SM in
each arm at zero/low speed. However, the output voltage of
parallel SMs is limited, which cannot satisfy the operation for
medium-voltage low-speed machines. Kumar ez al. [18] and [19]
use a back-to-back (BTB) MMC, where the grid-side MMC is
controlled as a current source, and the capacitor voltage
fluctuation keeps unchanged. However, both the grid-side and
machine-side MMCs require full-bridge SMs, which greatly
increases the number of devices. Although Guan et al. [20] and
Li et al. [21] reduce the devices of BTB-MMCs, the stable
operation under rated torque at zero speed cannot be ensured.
The variable dc voltage methods have limitation to suppress the
capacitor voltage fluctuation of MMCs for medium-voltage
low-speed drive, which require large SM capacitance [15], [18].

This paper proposes a cascaded MMC and cycloconverter
(CCV) based machine drive system for the medium-voltage
low-speed machine, which extends the work in [22]. Detailed
analysis is conducted in this paper, including the operation
frequency of MMC:s, device current stress, and SM capacitance.
In addition, a prototype of the proposed machine drive system
is built in the lab and the experimental studies are conducted in
this paper. In the proposed system, the MMC operates at
medium frequency, providing constant ac voltage for the CCV,
and the CCV converts the medium-frequency ac input to low-
frequency ac output required by the machine. The paper
includes following contributions: 1) the proposed drive system
can operate at zero/low frequency under rated load torque; 2)
the MMC in the proposed drive system operates at medium
frequency, which requires smaller SM capacitance compared to
variable dc voltage methods [15]-[21]; 3) the device current
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stress in the MMC with proposed method is much less than that
with current injection based methods [10]-[14].

The rest of paper is organized as follows. Section II proposes
the cascaded MMC and CCV based machine drive system.
Section III proposes operating principles. Section IV discusses
the proposed system. Sections V and VI present the simulation
and experiment, respectively. Section VII gives conclusion.

[I. PrROPOSED CASCADED MMC AND CCV BASED
MACHINE DRIVE SYSTEM

A. Proposed Drive System

A cascaded MMC and CCV based machine drive system is
proposed, as shown in Fig. 1. The MMC operates as the grid-
side converter, and the CCV operates as the machine-side
converter. The MMC is connected to the dc grid and provides
the ac voltage with medium-frequency f, for the CCV. The
CCV converts the input medium-frequency ac voltage to the
required ac voltage with low-frequency f,, to drive the
permanent magnet synchronous machine (PMSM).

Medium- Low-
i frequency frequency
DC | fg fm
Grid — —#— PMSM
——— MMC CCv

Grid-side Drive System Machine-side

Fig. 1. Block diagram of proposed machine drive system.

B. MMC Based Grid-Side Converter

Fig. 2(a) shows the grid-side three-phase MMC, whose each
phase includes an upper arm, a lower arm, a filter inductor L,
and a compensation capacitor Ce,. Each arm consists of n
identical SMs and an arm inductor L,. Fig. 2(b) shows a SM,
which consists of the switch/diode Ti/Di, T»/D, and a dc
capacitor Cgp.

According to [5], in the MMC, the output voltage u; in phase
J (j=a, b, c) can be expressed as

w, =M S (1)
with
LS
L:7+Lf 2)

where u,; and uy; are the total SM output voltage of the upper
arm and lower arm in phase j, respectively. i; is the ac-side
current of phase j. L is the equivalent output inductance of the
MMC.

C. CCV Based Machine-Side Converter

Fig. 3 shows the machine-side three-pulse half-wave CCV.
The CCV consists of three phase units. Each phase unit contains
three pairs of inverse parallel thyristors including Th,1 & Th,,
Thy, & Thy, and Thys & Thys, where the thyristors Thy1-Thys
constitute a positive converter and the thyristors Th,i-Th.s
constitute a negative converter. Ly is the commutation inductor.

Taking phase unit a for example and neglecting harmonics,
Fig. 4 shows the fundamental components of the output voltage

ublication/redistribution requires IEEE permission. See http://www.ieee.o

—— Phasea
«— Phase b
< Phase ¢

=

(a) (b)
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Fig. 3. Block diagram of the CCV.
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Fig. 4. Fundamental frequency components of the CCV’s output.

umq and current i, of the CCV, which can be expressed as

u, =U, sin(w,!) 3)

i,, =1,sin(w,t—A4) 4)
where U, and I, are the amplitudes of the machine phase
voltage and current, respectively. w,, is the fundamental angular
frequency. A is the lagging displacement angle of machine,
which decides the operation of the positive converter and
negative converter, as follows.

o  WmtE[A, 247]: ima is positive and the positive converter

(Thpla, ThpZa, Thp}a) works.

° ot €10, A] & [A+7, 27]: ima is negative and the negative

converter (Thyia, Thnza, Thyza) Works.

The Thpia, Thpoa, Thy3. in the positive converter or the Thy 14,
Thuza, Thaza in the negative converter are fired alternately, and
only one thyristor is conducting simultaneously, where the
thyristor’s firing angle o can be obtained based on the cosine
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wave crossing method [23], as

a =arccos(y,; ) (%)
with

Vref ma = r-sin(w,t) (6)

where yrr ma s the reference for phase a of the CCV. r is
modulation index with 0<r<1.

lll. CONTROL OF PROPOSED MACHINE DRIVE SYSTEM

A. Control of Grid-Side MMC

The MMC provides a constant medium-frequency ac output
voltage for the CCV. The control structure of the MMC is
shown in Fig. 5(a), including the output voltage control and
circulating current suppression control (CCSC) [24]. Fig. 5(b)
shows the output voltage control in detail, which adopts double-
loop vector control to ensure a constant output voltage of the
MMC. ug, u, and ioq, ioq are the dg-axis components of output
voltages uq, up, i and output currents ioa, iob, ioc, respectively. iq,
i are the dg-axis components of ac-side currents i, ip, ic. @ 1S
the angular frequency of output voltage and w,=27f,, where f,
is the MMC’s output frequency. Uy is the dc-side voltage of the
MMC. According to the voltage commands u," and u,", where
ug" is equal to the amplitude of MMC’s phase voltage and u,” is
0, the outer loop generates the current commands i,;" and i,". The
inner loop produces the dg-axis reference voltages u,.s 4 and
urer g- And then, the reference voltage u,.r j for phase j is derived
by the inverse dg transformation. Fig. 5(c) shows the CCSC in
detail, i,; and i are the upper and lower arm currents in phase j,
respectively. i.r s and i, are the dg-axis components of
circulating currents, respectively. The CCSC produces the dg-
axis reference voltages ucir « and ucir 4, then the reference
voltage u.; for phase j is derived by the inverse dg
transformation. Finally, the upper arm reference voltage and
lower arm reference voltage can be obtained as
Uref wi=(Ueir ~Uref j) AN Urep [ =(Ucir j+Urer j), Where the e, jis the
reference for phase j produced by the CCSC, as shown in Fig.
5(a). Finally, the upper arm reference and lower arm reference
signals can be obtained as

yref _uj = Zuref _uj /Udu
yrefilj = 2“1‘6]‘71‘1' /Udc

which are used for the upper arm and the lower arm in phase j
of the MMC, respectively.

B. Control of Machine-Side CCV

The CCV is employed to control the machine and Fig. 6
shows the vector control of the CCV. iug, img and Ly, Ling are
the dg-axis components of machine currents and inductances,
respectively. y is the permanent magnet flux linkage. € is the
electrical rotor position angle of the machine. According to the
command ®,", the outer loop produces the g-axis current
command in, . The d-axis current command ing" is 0. The inner
loop produces the dg-axis reference voltages e ma and e mg
to make the current i,,¢ and i,,, follow their commands, and then
three-phase reference voltage uer »; is derived from the inverse
dg transformation. According to [23], the relationship among

(M
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Fig. 5. (a) Overall control diagram of the grid-side MMC. (b) Output
voltage control diagram of the MMC. (c) Circulating current suppression
control diagram of the MMC.
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Fig. 6. Control diagram of the CCV.

CCV’s input phase voltage amplitude Up, output phase voltage
amplitude U,,, and modulation index r is
27U,

r =
33U,

Substituting (8) into (6), the reference signal y.r.,; can be
derived as

®)

y 2z " 2z "
ref _mj 3 \/gUP ref _mj 3UL ref _mj

where U, is the CCV’s input line voltages tap, e, Uca. The Yrer mj
is used for the CCV to control the machine.

(€))

IV. DISCUSSION OF PROPOSED DRIVE SYSTEM

A. Studied Drive System

In this paper, a 6.6 kV/5 MW low-speed PMSM based drive
system is studied, which is normally operated at the rated
situation in applications such as conveyor. The system
parameters are shown in Table L.
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TABLE |
PARAMETERS OF PROPOSED MACHINE DRIVE SYSTEM
Parameter Value
Rated stator rms line voltage (kV) 6.6
Rated rms current (A) 462
Number of pole pairs 12
PMSM
Rated speed (r/min) 50
Rated frequency (Hz) 10
Rated displacement factor 0.95
DC grid voltage (kV) 20
Rated rms line voltage (kV) 8.9
Rated frequency (Hz) 100
SM number per arm n 12
MMC
SM capacitance (mF) 2.76
Arm inductance (mH) 3
Compensation capacitance (mF) 0.1
Carrier frequency (kHz) 1
CcCcv Commutation inductance (mH) 0.63

B. Commutation Inductor Lt of CCV

The commutation inductor Ly, as shown in Fig. 3, is adopted
to limit the rising rate of the CCV’s thyristor current during
commutation between the thyristors. Taking the commutation
in the positive converter of phase unit @ as an example, Fig. 7
shows the commutation from outgoing thyristor Thp. to
incoming thyristor 7%, in the commutation period x, where the
Thysa’s current ity3, is gradually reduced, the Thy14’s current izpiq
is gradually increased, and the I7=i7p14+i7p3. is nearly a constant.
According to (4) and (5), the I can be obtained as

U
Uq up
U
0 - > Wt
Ug+U,
9]
” -
i -
r p3a N
Iy Turn-off
0 - ; ,l
ITpla Wl &
-
o M9

Commutation period

Fig. 7. Commutation from Thysa to Thpta.
. . (cosa
I, =1, sm{arcsm( J—ﬂ,}
r
The rising rate of the thyristor current iz during commutation
period y is

(10)

di=2,;f, A an
dt S u
with
4 1
y:arccos(cos o— %j -—a (12)
L

It can be observed that along with the increase of the
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commutation inductor L, the dir/dt will reduce; along with the
reduction of Lz, the dir/dt will increase.

Normally, the maximum di7/dt appears when the CCV works
at the rated situation. According to (10) and (11), the dif/dt is
related to a for the given Ly and f;. Fig. 8(a) shows the range of
o for the positive converter in phase unit a under various phase
angle wut of uq, which is derived from Table I. Fig. 8(b) shows
the dir/dt under various phase angles w,t of u, and various fq,
where Lr=0.63 mH. It can be observed that the diz/dt reaches
its minimum value when phase angle w,? is close to z/2, and
the diz/dt increases when the @t is far from z/2. The maximum
di7/dt under various f, are all close to 10 A/ps. Taking the
thyristor Infineon T2871N [25] as an example, whose nominal
dir/dt is 10 A/us. In order to ensure that the maximum diz/dt
does not exceed the nominal value, Ly should be more than 0.63
mH.

3
4 Positive converter L;=0.63mH
- operation range ---w, s
- El 10 Afus
a5 2 3
g <
s S
4 S
% Air” St
500 N 3T 4
0032%L L 3z 3.46 3L 300 T E
4 2 Ty w6y oo T2 ¢
oyt (rad) Sz (Hz) oyt (rad)

(@ (®
Fig. 8. (a) The change of a in the operation range of positive converter.
(b) dir/dt under various f; when L=0.63 mH.

C. Operation Frequency fy of MMCs
In Fig. 7, the extinction angle 9 is

o=r—(a+ ) (13)
The extinction time #; is
= ii (14)
2z f,

According to (13) and (14), it can be observed that along
with the increase of (a+u) and f;, the #5s will reduce, which is
critical for the commutation. According to (5) and (12), (a+u)
can reach the maximum at rated power, which will result in the
minimum J. Taking the positive converter in phase unit a as an
example, and according to (14), Fig. 9(a) shows the 75 in the
operation range of positive converter under rated situation,
where various f, are considered. Based on Fig. 9(a), the
minimum extinction time #s i, under various f, can be obtained,
as shown in Fig. 9(b). Along with the increase of f;, the 5 min
will reduce, and vice versa.

In order to avoid commutation failure, the minimum #;_, of
the thyristor must be more than the thyristor’s turn-off time #,.
As aresult, according to Fig. 9(b), the maximum f, should meet

5)

f 8_max = f 8 |(fa;mm =t,)

The minimum f, of CCV is limited by its output frequency f;,.
Referring to [26], the minimum f; in three-pulse half-wave
CCV should be

(16)
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Fig. 9. (a) tunder various f,in the operation range of positive converter.
(b) t5_min under various f.

For the system in Table I, the thyristor Infineon T2871N [25]
is considered, whose 7, is 0.55 ms. According to Fig. 9(b) and
(15), there is f; max<372 Hz. The rated frequency f,, of the
machine is 10 Hz. According to (16), there is f; min>60 Hz.
Although a higher f, brings smoother output current, it requires
higher sampling frequency. Here, the rated f; is set as 100 Hz.

D. Compensation Capacitor Ccom of MMCs

A compensation capacitor Ccom, as shown in Fig. 2, is
adopted in the MMC, whose capacitive reactive power is

a7

1

Oye= E @, Coon UZ

The C.om is used to compensate the inductive reactive power

Qwy of the CCV at rated situation, which is caused by the CCV

and results in the lagging displacement angle g between the

CCV’s input currents ioa, ios, loc and phase voltages ua, up, ic.

Here, the inductive reactive power Qyv of the CCV at rated can
be calculated as

Oy =Py tan gy (18)
where Pyy is the rated power at the input side of the CCV.
Neglecting the power loss in the CCV, the Pyv equals to the
rated power at the ac side of the machine as

3
PNV:EUmNImN cos A (19)
where U,y and I,y are the amplitude of machine’s rated phase
voltage and current, respectively.

According to (17)~(18), the C..» can be obtained as
- 2P, tat; Py (20)
oU;

Substituting Table I into (20), the Cc,n in the system can be
obtained as 0.1 mF.

E. Device Current Stress of MMCs

Suppose that the circulating current in the MMC is
suppressed by the CCSC, the upper arm current i,; and the lower
arm current i; in phase j of the MMC, as shown in Fig. 2, can
be expressed as

j i.
(21

i, 0

=43

where i; i the dc current. The ac-side current j; in phase j is
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i =i, +i, (22)
with
 =C il (23)
1. = —_—
cj com dt

where i.; is the compensation capacitor current, which mainly
consists of the fundamental-frequency component. i, is the
output current in phase j.

Due to the CCV, the MMC’s output current i,; contains
fundamental-frequency component and harmonic components.
Fig. 10(a) shows the frequency spectrum of i,; at rated situation,
which is derived from the system in Table I. It can be observed
that the frequencies of the harmonics mainly include 2f,+3f,,
Afe3fin, S5fz & Sfexbfn, 1f; & Tf;—6fn. Fig. 10(b) shows the
frequency spectrum of j; at rated situation, whose harmonics are
almost the same to those in i,, as shown in Fig. 10(a). The
amplitude of fundamental component in Fig. 10(b) is less than

that in Fig. 10(a), because its reactive component is
compensated by Ceom.

~ 12 ~ 12

::5 1 Fundamental é

o 1 M componem2 - - 1

V3, >

B 08 H ol = 081 CON & ndamental

a armonic & ¢

= 0.6 components| 5/ = 0.6 ,/ componen

ke <

20 o2 R 021 o1

202 0.14 0.13 802 14005 08

g I lu,iu\ g I It),f)s

< [ | < 0 I/ |

0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 10. (a) Frequency spectrum of iy at rated situation. (b) Frequency
spectrum of Jjj at rated situation.

Fig. 11 shows the peak value of MMC’s arm currents under
various machine speeds, which is derived from the system in
Table L. It can be seen that along with the increase of machine
speed, the current peak value also increases. Fig. 11 also shows
the current peak value of the MMC based machine drive system
with square-wave circulating current injection method [11],
whose current peak value is the minimum among various
circulating current injection methods. It can be observed that
the device current stress in the proposed machine drive system
is much lower than that in the circulating current injection
method, because the proposed method does not need to inject
high-amplitude circulating currents.

—— Proposed

—4— Circulating Current Injection [11]

o
o = i

0.6

S 9
SRS

0.2 0.4 0.6 0.8 1
Machine speed (p.u.)

Fig. 11. Comparison of arm current peak value between proposed

method and current injection method [11].

F. SM Capacitor Csm of MMCs

Taking the upper arm of phase a for example, according to
(21) and Fig. 10(b), the rated arm current i..v can be simplified

Peak of arm current (kA)

=}
(=1
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4Csm w4n 4p a)2 P

cos (@, t+¢,,)+

mcos @, sin (2w, 1)

o)
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as (24), where only the fundamental component and harmonic
components 2f;+3f,, and 4f,+3f,, are considered.

luaN = ld;N +l“7N
idL'N 1 :
==+ ,cosg,sin(w,t
3 2 mN ¢N ( 8 ) (24)
1

+ EI'"N[kZ" sin (@, t +@,,) + kzp sin (@,,t+9,,)]

1 . .
+ EI"’N[k4” sin(w,,t+¢,,)+k,,sin(o,,t+¢,,)]

where iz is rated dc current. iuy is the rated ac-side current of
phase a. ky., kop, kan, ksp are respectively the p.u. values of
harmonics 2f,—3f, 2fe+3fin, 4fs—3f» and 4f,+3f,, as shown in Fig.
10(b). wan, w2p, Wan, w4, are respectively the angular frequency
of these harmonics. @a., @2p, P4n, P4y are respectively the phase
angles of these harmonics.
According to [27], the SM capacitor current in upper arm of
phase a can be expressed as
_ 1=Y,0f ua r

i =
cuaN
2

(25)

uaN

Normally, the circulating current control has little effect on
the yrrua [28]. Therefore, it can be expressed as
Vref ua=m-sin(wgt), where m is the modulation index of MMC.
Combining (24) and (25), the rated capacitor voltage
fluctuation Auc,qay can be obtained as (26).

The SM capacitor voltage fluctuation ratio & can be defined
as

. Max[Au,,,\]
U, /n

Fig. 12 shows the relationship between ¢ and Cs,, in the MMC
of the proposed system, which is derived from (24)~(27) and
Table I. It can be seen that along with the increase of Cy,, & will
be reduced; along with the reduction of Cj,, ¢ will be increased.
Fig. 12 also shows relationship between the ¢ and Cy, in the
HMMC based machine drive system [15]. It can be observed

—a— HMMC in [15]

27)

—e— Proposed

0.69

0.55

5 10 15 20 25 30
& (%)

Fig. 12. Comparison of SM capacitance between MMC in proposed

system and HMMC [15].
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that for the same capacitor voltage fluctuation, the required
capacitance in the proposed machine drive system is far less
than that in the HMMC based machine drive system. According
to Fig. 12, the Cy,, of 2.76 mF corresponding to the capacitor
voltage fluctuation of 2% is selected in the proposed system.

V. SIMULATION STUDIES

To verify the proposed machine drive system, the system
simulation is conducted with professional tool PLECS. The
system diagram is shown in Fig. 1 and the system parameters
are shown in Table I.

A. Performance of proposed system

Fig. 13 shows the performance of the proposed machine
drive system, where the machine operates under rated load from
standstill to the rated speed. Fig. 13(a) shows the machine speed.
The machine accelerates at 1s from standstill to 0.5 p.u. speed
and accelerates at 2.5s from 0.5 p.u. to rated speed. Fig. 13(b)
shows the machine line voltage. Fig. 13(c) shows the machine
currents, whose frequency changes from 0 to 10 Hz. Fig. 13(d)
shows the electrical torque. The torque ripple increases with the
speed and reaches the maximum value 0.10 p.u. at rated
situation. Fig. 13(e) shows the line voltages of the MMC, whose
frequency f, is 100 Hz. Fig. 13(f) shows the output current of
the MMC. Fig. 13(g) shows the MMC’s arm currents, whose
peak value rises with with the increase of the machine speed.
The peak of arm current is 514 A. Fig. 13(h) shows the SM
capacitor voltages of upper and lower arm in phase a of MMC.
The voltage fluctuation rises with the arm current, ranging from
1590 to 1749 V at the rated speed. The voltage fluctuation ratio
is less than 5% when the Cg, is 2.76 mF, which verifies the
analysis in Fig. 12.

Fig. 14 shows the harmonic spectrums of machine line
voltage and current at rated situation. It can be observed that the
main harmonic components of machine voltage are in the
sidebands of 3f, and 6f,. The main harmonic components of
machine current are in the sidebands of 3f,.

B. Comparison with traditional MMC

Fig. 15 shows the comparison of capacitor voltages between
traditional MMC based drive system and proposed system,
where the SM capacitance of traditional MMC is 7 times (19.32
mF) of proposed system (2.76 mF). Fig. 15(a) and (b) show the
capacitor voltage fluctuation at 0.2 p.u. speed under rated load.
Fig. 15(c) and (d) show the capacitor voltage fluctuation at rated
situation. It can be observed that the voltage fluctuation of
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traditional MMC increases as machine speed reduces, which is

260 : :
g P e — rated speed --------------—-~ 42.88% at 0.2 p.u. speed. Compared to traditional MMC,
3 proposed system can operate stably at low speed with lower SM
& . . . .
@ 5 207 capacitance, and the voltage fluctuation is less than 5% in the
2 %3 1 L5 2 25 3 35 4 whole speed range.
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s X s 5 55 3 s 4 the lab, as shown in Fig. 16. A dc power supply is used to
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s 514A “ S S—— the CCV. The output side of CCV is connected to the PMSM.
g “W The control algorithm is implemented by digital signal
S Y — 04 ¥ processor (DSP) and the drive signals are transferred to driving
@) 3 KRR RN I)WWW nwww circuit of each device by optical fibers. The system parameters
220 [ I o6 are listed in Table II.
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Fig. 13. Simulation waveforms. (a) Machine speed. (b) Machine line
voltage. (c) Machine currents. (d) Electrical torque. (e) MMC line

voltages. (f) MMC output currents. (g) Arm currents of phase a. (h) SM

capacitor voltages of phase a.
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TABLE Il M M
PARAMETERS OF EXPERIMENTAL SYSTEM i .
mi
Parameter Value L
Rated stator rms line voltage (V) 44 lme
Rated rms current (A) 5.66 Umnca Y
Number of pole pairs 4 tma
PMSM Rated d (r/min) 150
ated speed (r/min o0y [ H S04 & 500k
fooes ] fooms )
Rated frequency (Hz) 10 (a) (b)
Rated displacement factor 0.95 80 ‘ o
DC voltage (V) 140 S 2 8
Rated rms line voltage (V) 62 -Qg’ 40 '§ O« £, (0 Hz)
Rated frequency (Hz) 100 Té “ £ (0 Hz) e Té 4
4
SM number per arm n 4 < 3f, < 2 %
MMC _ . ) .
SM capacitance (mF) 27 0100 200 300 400 500 600 700 0100 200 300 400 500 600 700
Arm inductance (mH) 0.5 Frequency (Hz) Frequency (Hz)
d
Compensation capacitance (mF) 0.18 © 3 @
U U
Carrier frequency (kHz) 5 Toa /i,,;, Loe . _.E_.um iy Lf_ 35:/\/
CCV | Commutation inductance (mH) 1 Akt bt 0 A s R e e e TR 34TV
sy
] 1 T 4 3.? A
/| I PUY FOPY S WPV S VU P TN Y Y Y PO VY| s o o RN N
A. Steady State Operation s e DO A T {,,w}:,r
. . =, . (2
Fig. 17 shows the shows the line voltages of the MMC, l,m il
whose frequency is 100Hz. Fig. 18 shows the steady state E N SR S I e
operation at standstill under rated load. Fig. 19 shows the steady (© ®

. . Fig. 18. Experimental waveforms at standstill. (@) Umab, Umbs, Umca (100
state operation at 0.5 p.u. speed under rated load. Fig. 20 shows VIAIV). (b) ine iy e (5 AVGIV). (G) Spectrum of . () Spectrum of i

the steady state operation at rated speed under 0.5 p.u. load. Fig.  (€) ioa, iot, ioc (5 A/diV). (f) iua, iz, (5 A/IV), Uoua, Usa (1 V/div).
21 shows the steady state operation at rated speed under rated
load.

- -
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Fig. 17. Experimental waveforms of U, Usg, Uca (50 V/div). 80 ‘ W

~ ~ 8.
Fig. 18(a), Fig. 19(a), Fig. 20(a) and Fig. 21(a) show the =0 s < e
machine voltages tmas, Umbe, Umca- Fig. 18(b), Fig. 19(b), Fig. é 40l ¥~ Sidebands  Sidebands é ¥
20(b) and Fig. 21(b) show the machine currents ima, imb, imc. T;m ":z‘ "ff’;ﬁ E- 4 Sidebands
Under rated load in Figs. 19~20, the fundamental frequency <% ” h < 2 °:-’ﬁ
machine current amplitude is 8 A. Under 0.5 p.u. load in Fig. ( Al 0 o
. . . 0100 200 300 400 500 600 700 0100 200 300 400 500 600 700
21, the fundamental frequency machine current amplitude is 4 Frequency (Hz) Frequency (Hz)
A. Fig. 18(c), Fig. 19(c), Fig. 20(c) and Fig. 21(c) show the (c) (d)
spectrum of machine line voltage, where the main harmonic ] ] ) v Ucua ,ucla 35, 6Vﬁ
components are in the sidebands of 3f, and 6f,. Fig. 18(d), Fig. yloa  Jlob loc TS ;NS
19(d), Fig. 20(d) and Fig. 21(d) show the spectrum of machine (T COYTER |t 36V
current, where the main harmonic components are in the e T T M 4A
sidebands of 3f,. Fig. 18(e), Fig. 19(e), Fig. 20(e) and Fig. 21(e) PR NN NSRS N N R *\F RIS
show the MMC’s output current ioa, ios, loc, Whose THD reaches THD=28.18% Naraiar el ’f Ay
the maximum 34.06% at rated situation. Fig. 18(f), Fig. 19(f), i ’ua la
. . 500 & S04 5004 o S0a
Fig. 20(f) and Fig. 21(f) show the arm currents and the SM © t00ms 000000 © fiooms 600000
(S

capacitor voltages in phase a of the MMC. It can be observed Fig. 19. Experimental waveforms at 0.5 p.u. speed. () Umnab, Umbs, Umca
that the peak of arm current increases as the machine speed and (100 V/div). (0) ima, imbs ime (5 A/div). () Spectrum of Umas. (d) Spectrum
torque increase. At rated situation, the peak of arm current  Of ima (€) ioa, o, foc (5 A/dV). (f) iua, fias (5 AVDIV), Ucua, Ueia (1 V/diiv).
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reaches the maximum 6 A.

The SM capacitor voltage fluctuation also increases as the
machine speed and torque increase. At rated situation, the
voltage fluctuation reaches the upper limit, which ranges from
34.2 to 35.9 V. The voltage fluctuation ratio ¢ is 2.57% under
the Cyn of 2.7 mF. According to (24)~(27) and experiment
parameters in Table II, Fig. 22 shows the required Cj, under
various ¢. The estimated ¢ is 2.6% when C,, is 2.7 mF, and
accordingly the experimental result is almost consistent with
the theoretical analysis.

10 T T T T T T T T T
8 7.58 1
= 6r 1
\E; al 78 |
S 2.52
gl L7 151 126 108
08 094 0384
0 I 2263 4 5 6 7 8 9 10
& (%)
Fig. 22. Theoretical analysis of voltage fluctuation ratio under

experimental parameters.

Fig. 23 shows the machine torque ripple at different
operation situation. It can be observed that the torque ripple
reaches the upper limit at rated situation, which is 0.12 p.u. as
shown in Fig. 23(d).

1.5 1.5
5 Torque ripple=0.07 p.u. 5 Torque ripple=0.08 p.u.
& ' &
81 R L 1w ]
) ' g
8 8
g 05 g 05
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1 1.1 1.2 1.3 1.4 1 1.1 1.2 1.3 1.4
Time (s) Time (s)
(@) (®
15 15
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g 1 ) g 1 WMW@MWWWW’W’MWWWWWW
=2 Torque ripple=0.11 p.u. = [}
8 8
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Fig. 23. Electrical torque in the experiment. (a) Electrical torque at
standstill under rated load. (b) Electrical torque at 0.5 p.u. speed under
rated load. (c) Electrical torque at rated speed under 0.5 p.u. load. (d)
Electrical torque at rated situation.

B. Dynamic Performance

Fig. 24 shows the dynamic performance when the machine
operates from standstill to the rated frequency (10Hz) under
rated load. Fig. 24(a) shows the machine line voltages tmap, Umbe,
Umea. Fig. 24(b) shows the machine currents imq, imp, ime, Whose
fundamental frequency amplitude is 8 A. Fig. 24(c) shows the
MMC'’s output currents ioa, iob, loc. Fig. 24(d) shows the arm
currents and the SM capacitor voltages in phase a of the MMC.
The peak of arm current increases with the machine speed, and
its maximum value is 6 A. The voltage fluctuation of SM
capacitors rises with the speed, and the maximum voltage
fluctuation ratio is 2.57%.
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Fig. 24. Experimental waveforms when the system operates from
standstill to rated speed. (a) Umab, Umbe, Umca (100 V/div). (D) ima, imby ime (5
A/div). (C) loa, iobs ioc (5 A/diV). (d) fua, iiay (5 A/diV), Ucua, Ucia (1 V/div).

VII. CONCLUSION

This paper proposes a cascaded MMC and CCV based
machine drive system, which can operate stably at zero/low
frequency. In the proposed system, the MMC operates at the
medium frequency, providing constant ac voltage for the CCV.
The CCV converts the medium-frequency ac input to low-
frequency ac output required by the machine. The range of
MMC’s operation frequency is analyzed based on the safety
commutation of thyristors in the CCV. Considering the
fundamental and harmonic components of MMC’s output
current, the device current stress in the MMC is analyzed. The
SM capacitance is also analyzed, which is significantly smaller
than the existing MMC based methods. Simulation and
experiment are conducted and their results verify the
effectiveness of proposed machine drive system.
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