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ABSTRACT In this paper, a new control scheme that can reduce the current stresses on switching devices,
flying capacitors, and inductors for flying-capacitor modular multilevel converters (FC-MMCs) is proposed,
which is based on redistribution of power difference between upper and lower arms through the flying
capacitors. In addition, a way to determine the frequency range of the square-wave voltage to be injected
into the FC-MMC is suggested, which is able to improve the current control performance and reduce the
flying-capacitor voltage ripples. The effectiveness of the proposed control scheme has been verified for a
4160-V/1-MW simulation model and a 230-V/3-kW prototype of the FC-MMC.

INDEX TERMS Arm current, medium-voltage motor drive, modular multilevel converters (MMC),

submodule (SM) capacitor voltage ripple.

I. INTRODUCTION

Modular multilevel converters (MMCs) feature scalability,
modularity, low-distortion output voltages, and fault-tolerant
ability. Thus, they have been used in medium to high-voltage
applications, such as high-voltage direct-current (HVDC)
transmission systems [1]-[5], motor drives [6]-[9], and
static synchronous compensators (STATCOMs) [10], [11].
However, one of the main challenges of MMCs for
medium-voltage motor drive systems is that the ripple of the
submodule (SM) capacitor voltages is proportional to the out-
put current level and inversely proportional to the fundamen-
tal frequency [6], [12], [13]. Thus, the voltage ripple becomes
larger in lower-speed operation of motor drives, especially
in the start-up process. Several empirical studies have been
performed to overcome this issue in standstill/low-speed
operation.

Several control strategies have been introduced to reduce
the level of capacitor voltage ripples in low-speed opera-
tion [14]-[23] [24]-[26]. The high-frequency common-mode
voltage (CMV) and circulating current have been injected
into the three-phase legs of MMCs, which can mitigate SM
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capacitor voltage ripples. However, the CMV exists on the
motor side, which leads to premature failure of the winding
insulation and motor bearing [17], [18].

Effective control schemes have been presented to reduce
an average voltage of SM capacitor for the conventional
MMC [19]-[21], where a higher SM capacitor voltage rip-
ple is allowed without exceeding the maximum voltage of
capacitor. According to operating speed regions, whether the
high-frequency CMV and circulating current are injected or
not is determined. In the high-speed region, any oscillating
components into the circulating current are not injected;
therefore, the current stresses on switching devices and power
losses of the system can be reduced [20]. In the intermediate-
speed and low-speed/standstill regions, the high-frequency
components are injected [21], and resultantly, the CMV is
imposed on the motor winding. In addition, all available
voltage for injecting the CMV in an arm can be utilized to
minimize the amplitude of circulating current, which results
in a reduction of the capacitor size. In [22], the SM capacitor
voltage ripple is controlled within a certain range instead of
full suppression, which leads to the reduction of the ampli-
tude of circulating current. In the converter design, the SM
capacitor with a minimum capacitance can be utilized to min-
imize the dimension of converters; however, the amplitude
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of injected components become larger. Therefore, there is a
tradeoff between converter efficiency and capacitor.

MMC topologies with auxiliary circuits or additional com-
ponents have been introduced to suppress the SM capacitor
voltage ripples without injecting the CMV [23]-[25]. Cas-
caded full-bridge submodules (FBSMs) were inserted in each
phase on the AC output side of the converter, so the CMV is
imposed intentionally on the cascaded FBSMs instead of the
motor [23]. However, the cascaded FBMSs increase both the
cost and volume of the system.

A new topology of the FC-MMC has been proposed
in [24], where a flying capacitor is connected between the
middle taps of the upper and lower arms in a leg, which
alleviates the SM capacitor voltage ripple without injecting
the CMV. However, high-frequency voltage is injected in a
sinusoidal waveform, which leads to high peak currents on
switching devices, inductors, and flying capacitors, as well
as high voltage ripples on flying capacitors. Instead of sinu-
soidal waveform, a square-wave high-frequency voltage has
been injected to reduce the peak value of the current [26].
In this test, the current stresses on the switching devices and
flying capacitors can be reduced by 25% and 45%, respec-
tively, where only RL loads were applied to the low-frequency
operation of the FC-MMC. Furthermore, no discussion was
provided on the determination of the injected frequency
range.

In this paper, how to determine the frequency range of
the square-wave voltage to be injected into the half-arms of
the FC-MMC is proposed, which is important to acquire the
reference of AC-circulating current and to reduce the flying-
capacitor voltage ripples. In addition, an adjustment scheme
of power redistribution through the flying-capacitor branch is
suggested in order to reduce the current stresses on switching
devices, inductors and flying capacitors. The feasibility of the
proposed method is verified for a 4160-V/1-MW simulation
model and a 230-V/3-kW prototype of the FC-MMC.
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FIGURE 1. Circuit configuration of the FC-MMC.

Il. ANALYSIS OF THE FC-MMC UNDER

LOW-FREQUENCY OPERATION

A. CIRCUIT CONFIGURATION

Fig. 1 shows the circuit configuration of the FC-MMC, where
aleg is composed of two arms, and an arm is divided into two
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half-arms. A half-arm has 0.5N half-bridge SMs (N is the
number of half-bridge SMs per arm). The inductor, L, is used
in a half-arm to prevent high di/dt. Flying capacitors, Cr,
are connected between the middle taps of the upper and
lower arms in the three-phase legs (x : a, b, ¢). The flying
capacitance is:

1
- Qaf)rL’
where f; is a resonant frequency to reduce the impedance of
the equivalent LC circuit.

Cr ey

B. MITIGATION OF SM CAPACITOR VOLTAGE RIPPLE
UNDER LOW-SPEED OPERATION

In FC-MMC, the half-arm voltages (Vyu1, Vxu2, Vxi1, and vy2)
in the upper and lower arms are expressed as [24]:

Vi = 0.25Vge — 0.5v + vy, ()
Vi = 0.25V4e — 0.5vy + vy, 3)
vt = 0.25Vge 4+ 0.5vs — vy, )
Va2 = 0.25Vge 4 0.5vys + vy, 5)

where V., vy, and v, are the DC-link voltage, AC out-
put voltage, and resonant-frequency voltage, respectively.
The half-arm currents (iy,1, ixu2, ixy1 and iy2) are expressed
as [24]:

bl = ixa + 0.50 + iy, (6)
ba2 = ixg + 0.5ix — iy, @)
i1 = ixg — 0.5iy — iy, 3)
ixj2 = Ixg — 0.50y + iy, )

where iy, iy, and iy are the DC-circulating current in each
leg, the AC output current, and the AC-circulating current,
respectively.

The AC output voltage, resonant-frequency voltage and
AC output current are:

Ve = V,sin(wt + 8), (10)
vy = Vy sin(wpt) = 0.25(1 — m)Vge sin(wpt).  (11)
iy = I, sin(wt + 8 — $), (12)

where V,,, V. and I, are the voltage and current magnitudes;
w is the fundamental angular frequency; é is 0, 27r/3, or -27/3;
wy, is the resonant angular frequency; m is a modulation index;
and ¢ is the phase lag angle. From (2) and (6), the instanta-
neous power in the top half-arm of the upper arm, py,, can
be expressed as:

Pl = 0.25V 00 — 0.25v iy
40.125Vgeiy — 0.5vygixg — vilyr.  (13)
The first and second terms on the right-hand side of (13) are

equal to each other due to the power balance between the DC
input side and AC output side. Hence, i,y can be expressed as:

V, sin(wt 4 8) - I, sin(wt + 6 — ¢)
Ve .

(14)

Ixd =
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By substituting (10), (12), and (14) into (13),

Pxu1l = 0.125Vy 1, sin(wt + § — ¢)
—0.125m* VeI, sin® (ot +8) sin(wt +8 — ) — vy iy
(15)

In the case of no injection of the resonant-frequency volt-
age (vyiy = 0), there are ripple components in the SM capac-
itor voltage, which is calculated from the half-arm energy
variation. By integrating (15), the energy fluctuation in the
top half-arm of the upper arm, E,;1, is obtained as:

Vaclo
Exu] ~

L5
|:(0.125 — Em > cos(wt + 6 — ¢)

w

1
—Fim2 cos(wt + § + ¢):| . (16)
The peak-to-peak voltage ripple of the SM capacitor, AV, _pp,
is proportional to the variation of the stored energy in half-
arm, which can be expressed as:

N
AExul = Exul_max — Lxyl_min = ECVCAVC_ppa (17)

where V. is the average voltage of the SM capacitor, and
Exul_max and Exy1_min are the maximum and minimum energy
during operation, respectively. Then, AV, ,, is obtained as
follows (see the appendix):

41
AVe pp & w—é,/e% +e3. (18)

The SM capacitor voltage ripple is proportional to the output
current level and inversely proportional to the fundamental
frequency.

The voltage ripples can be suppressed by injecting
the resonant-frequency voltage (v;). In (15), the inter-
action between the resonant-frequency voltage (v,) and
AC-circulating current (iy,) generates constant power and
resonant-frequency power components. The constant power
component suppresses the low-frequency power fluctuation
(the first and second terms on the right-hand side), so there
are only resonant-frequency power components in each half-
arm. The power imbalance between the upper and lower
arms is redistributed through the flying capacitor by the
AC-circulating current. Therefore, the SM capacitor voltage
also fluctuates at high frequency, resulting in low voltage
ripples [24].

lIl. DETERMINATION OF RESONANT FREQUENCY AND
ADJUSTMENT OF POWER DISTRIBTION THROUGH
FLYING-CAPACITOR BRANCH

A. ANALYSIS OF FLYING CAPACITOR VOLTAGE RIPPLES

In order to suppress the SM capacitor voltage ripples, the
AC-circulating current, iy, is controlled to follow the refer-

ence, i}, which is given as [24]

#o_ I, sin(wt + 8§ —
e 2(1 — m)

qb)fcn(fr, 1, (19)
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where fen(f;, t) is of a square waveform expressed as

fen(fy, 1) = A (20)

Based on the AC-circulating current, the flying-capacitor
voltage of Cr can be expressed as:

1 "
VCF = C_F lerdt +

Then, the flying-capacitor voltage ripple Avcy p, can be
obtained (see the appendix):

Vie
—. 21
> 2D

A N 21, sin(wyt + wt + 8§ — ¢)
Y (U= my? [ fr+f
_sm(a),t —wt —8+ ¢)i| @
fr _f

To calculate the maximum ripple of the flying-capacitor
voltage, AVcr_pp_max» the low-frequency power fluctuation
should be fully canceled out at zero-speed operation (m = 0).
Hence, Avcr_pp_max is obtained as:

41,
T 2CFf -

During the steady state operation of the FC-MMC, the
AC-circulating current, iy, is controlled to flow through
the flying capacitor, Cr, in order to redistribute the power
difference between the upper and lower arms. It leads to
the voltage fluctuation on the flying capacitor around its
nominal value. Therefore, it is necessary to maintain the
flying-capacitor voltage fluctuation in the limits (£10% of
the nominal voltage). In the FC-MMC topology, the nominal
voltage of the flying capacitor is a half of V. [24]; thus, the
limits of the peak-to-peak voltage of Cr is 20% of 0.5V,
which is expressed as:

AVCF_pp_max ~ (23)

AVCFJ]pfmax < 0.1Vge. (24
Substituting (1) into (23) and (24) yields:
Ve
< . 25
fr= 1601,L 25)

With given parameters, the range of f. can be obtained to
maintain Av.r_p, within the allowable region (0.1 V).

B. DETERMINATION OF RESONANT FREQUENCY Fg
As f; increases, the half-arm power fluctuates at higher fre-
quency. Thus, the SM capacitor is charged and discharged
in a shorter period, and the voltage ripple becomes lower.
However, in a practical system, f; should not be too high due
to the stability of the system. The flying capacitor voltage
ripple is also affected, as mentioned above. Hence, there are
some conditions that should be considered to determine f;:
1) f should be low enough to avoid high impedance
of equivalent the LC circuit at harmonic frequencies
(odd-order harmonics). This means that if f, is high,
the harmonics of the square-wave current cannot flow
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through the LC circuit easily. Therefore, the desired
square waveform of the injected current, i},., may not
be obtained.

2) The SM capacitor voltage includes the sideband fre-
quencies of f,, 2f,, f+ £ f, and f.%+ 2f,, so f, should
be at least two times higher than f, to avoid excessive
voltage ripples in the SM capacitor.

3) For a stable operation, the control error in an
AC-circulating current should be regulated as low
as possible. Its control bandwidth is usually selected
lower than one-fifth of the switching frequency, which
is equal to 0.2f. [13], [27]. In this case, the upper limit
of resonant frequency becomes 0.1f, according to the
Nyquist sampling theorem.

4) To maintain the flying-capacitor voltage ripple within
the limit, the resonant frequency, f;, should be selected
according to (25).

Based on the first three conditions, the lower and upper
limits of f, are 2f, and f,./10, respectively. However, f, varies
from zero to the rated fundamental frequency. According
to (18), the SM capacitor voltage ripple becomes lower as
the operating speed increases. Hence, firesnola 1S considered
as a frequency at which AV, ,, fluctuates within the limit.
Therefore, the lower limit of f, is given by

2ﬁhreshuld =< fr . (26)
Finally, the range of resonant frequency is obtained as
. Va
fihreshold < fr < min { 1 6OIZL , O.lfc} ) (27)

TABLE 1. Circuit parameters and rating used for simulation.

Parameters Symbol SI p-u.
Converter
Apparent power S 1081 (kVA) 1.0
DC link voltage Vie 7000 (V) 1.68
Number of SMs per arm N 4 -
Half-arm inductance L 2.5 (mH) 0.049
SM DC voltage vE 1750 (V) 0.42
SM capacitance C 2300 (uF) 11.5
Defin k-to-peak volt
ek oo g 0 oo
Flying capacitance Cr 1700 (uF) 8.5
Carrier frequency fe 4000 (Hz) 80
Injected resonant frequency 1 77.2 (Hz) 1.54
Induction motor

Output power P, 1250 hp 0.87
Rated voltage Vi 4160 V 1.0
Rated current Lasea 150 A 1.0
Rated frequency fo 50 Hz 1.0
Rated speed O rated 1470 rpm 1.0
Rated torque Trared 5970 N.m 1.0

As an example, finreshold 18 calculated as 12.05 Hz accord-
ing to (18) with the circuit parameters used for simu-
lations in Table 1. Then, the limit of f. is 24.1 Hz <
fr < 400 Hz. In addition, based on (25), the region
of f, is obtained as (-oo; 82.5 Hz). f;- should be higher than
0 Hz, so combined with the other limit, the range of f; is
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[24.1 Hz < f, < 82.5 Hz]. If f; is set lower than 24.1 Hz,
the flying-capacitor voltage ripple Av.g_p, will be low. How-
ever, the SM capacitor voltage AV, ,, will fluctuate with
high amplitude, so the performance of the converter will not
be good. If f; is higher than 82.5 Hz, Avcr_p, will exceed
the maximum range (0.1V,.). Therefore, f, is set as 77.2 Hz
in the simulation. Similarly, f; is chosen as 46.4 Hz for the
experimental parameters listed in Table 2.

TABLE 2. Performance comparison between the proposed and
conventional methods.

[24] [26] Proposed
* Peak value of AC-circulating 1.870 1.100 0.727
current (i) ' ' :
? Peak value of half-arm currents 2.600 2.000 1.733
(ixu/II or 2) ' ' :
* Peak-to-peak value of flying 0.359 0.325 0.156

capacitor voltage (Avcr)
*The unit is p.u.

C. ADJUSTMENT OF POWER DISTRIBTION THROUGH
FLYING-CAPACITOR BRANCH FOR CURRENT

STRESS REDUCTION

As seen in (15), the low-frequency power fluctuation is com-
pletely cancelled out by v,iy, so an injected current (iy)
with high amplitude flows through the flying-capacitors and
switching devices. Thus, the amplitude of iy, can be reduced
by controlling v,iy to follow the reference v}if,., which is
expressed as:

VI = k(0.125V .1, sin(wt + 8 — ¢)

r°xr

—0.125V em?*1, sin®(ot + 8) sin(wt + 8 — ¢)),  (28)

where k is a factor which is used to regulate the low-frequency
power fluctuation to be cancelled out and its range is from
0 to 1. The reference of the square-wave voltage to be
injected, v, is expressed as

1
vE = Vifen(fy, 1) = @9

If k = 1, the low-frequency power fluctuation is compensated
completely, and if k = 0, there are no injections of v}’ and i},..
Then, substituting (28) into (15), py,1 can be obtained as:

Pl = (1 —k)(0.125Vy4 1, sin(wt + § — ¢)
—0.125V em?1, sin*(wt + 8) sin(wt + § — ¢)).
(30

By integrating (30), the energy fluctuation in the top half-arm
of the upper arm, E,,1, is derived again as:

Vdclo

1
Ean ~ (1 —k)—=2[(0.125 = —m? ) cos(wt + 8 — ¢)
w 16

+3i2m2 cos(wt + 8 + ¢)} . (3D
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The energy fluctuation, AE,,, is:

2Vl
AExul = Exulfmax — Lxul_min = (1 - k) wc Om-
(32)

Together with the specified voltage fluctuation limit,
AV _pp_de, the variation of stored energy in half-arm in (17)
is derived:

N
AEy = ECVCAVCﬁppfdw (33)

From (32) and (33), the value of k can be obtained:
wCAVe pp_de

410‘/6% + e%

At very low speeds, k is nearly equal to one. Thus, the pro-
posed method is similar to a conventional method [24], and
the amplitude of i, is not much different. When the operating
speed is higher, k becomes lower. This implies that less power
redistribution through the flying-capacitor required to force
the SM capacitor voltage ripple to be within AV, p, ge. Thus,
the amplitude of iy, is reduced. During operation, k is also
increased when a load is applied.

To maintain the SM capacitor voltage ripples within
AV, pp_de, the AC-circulating current, iy, in (6)-(9), should

k=1- (34)

be controlled to follow the reference i, , which is obtained by
inserting (29) into (28):
0. = L fen(fr, 1)
1,2 — m?)sin(wt + 8 —
w g le@mmsin@ 8= 9) (35

41— m)

D. CONTROL ALGORITHM

Block diagrams of the proposed control strategy are shown
in Fig. 2 with an averaging control scheme [6] in Fig. 2(a)
and a half-arm balancing control scheme [24] in Fig. 2(b).
In the averaging control, v{, and Av;h,x are the SM capacitor
voltage reference and compensating phase voltage command,
respectively. The average SM capacitor voltage in each leg,

Vcy, 18 expressed as:
1 2N
m=ﬁ2wp (36)
]:

where v¢; , is the feedback signal of the SM capacitor voltage.
In the half-arm balancing control, the average SM capacitor
voltage in each half-arm is calculated as:

LR
avg
Va/l12 = 5N Z VCjx- (37)
SN =

Then, the output of the half-arm balancing control is the
compensating half-arm voltage command AV} .

Fig. 2(c) shows a block diagram of the AC-circulating
current controller, which forces iy, to follow i}, as expressed
in (35). This controller includes only the current controller,

which is different from the arm capacitor voltage control,

180080
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FIGURE 2. Block diagrams for the proposed control strategy. (a) Averaging
control. (b) Half-arm balancing control. (c) AC-circulating current control.
(d) Individual SM balancing control. (e) SM voltage reference generation.

which consists of an outer voltage and inner current control
loop [24]. With only the current controller, the SM capacitor
voltage ripples are maintained within the specified AV, pp_de
instead of being completely eliminated. The output of the
controller is the voltage command, Av?,.

The individual SM balancing control is illustrated
in Fig. 2(d). The voltage references of SMs, v{.,| X and
Vel /2, are synthesized in Fig. 2(e). Finally, they are nor-
malized by v{. and sent to a PWM generator.

IV. SIMULATION RESULTS

The validity of the proposed control strategy is verified by
simulation results for a 4160-V/1-MW FC-MMC system with
four SMs per arm. In Table 1, the parameters of the converter
and induction motor are listed. To verify the effectiveness
of the proposed method, the conventional method [24] is
considered together, which has been previously applied to the
induction motor drive system.

In the FC-MMC, there is a trade-off between the current
stress and capacitor cost. The minimum capacitance of SM
capacitor, which can be calculated, is 802 uF and the flying
capacitor is 1500 wF [28]. It results in 54.4 ms of an energy
storage constant, H [29]. With this minimum capacitance
of SM capacitor, under full load condition and low-speed
operation, the low-frequency power fluctuation should be
cancelled out completely (k = 1); thus, the performance
of proposed method is similar to that of the conventional
method [24]. It means that the advantage of the proposed
method for reduction of current stresses is effective only
under light load conditions. In order to utilize the superiority
of the proposed method under full load condition, the SM
capacitance is designed with larger value, which is 2300 uF;
besides, the flying capacitance is 1700 uF. Based on those
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selected values, the energy storage constant, H, is calculated
as 107 ms.

[A]
i, 200
@ i 0
i, -200
[A] 300
ior
b) “ 0
( ) lar
-300
[A]
(C) l:aul 308
Lau2 300
VI x
1.5k 160 V
(d) ch,a 1k
0.5k
Ok
[V] a5
® 564
() Vera 3.5k
3k
2.5k
1 1.1 1.2 1.3 14 1.5
Time (s)

FIGURE 3. Performance of the conventional method. (a) Three-phase
output current. (b) AC-circulating current. (c) Top and bottom half-arm
currents in the upper arm. (d) SM capacitor voltages of phase-a. (e) Flying
capacitor voltage in phase-a.

Fig. 3 shows the performance of the FC-MMC with the
conventional method [24] at w;;;, = 150 rpm under full load
condition. A sinusoidal waveform is used in the injected volt-
age and current (v, and iy). The three-phase output current
waveform is illustrated in Fig. 3(a), where the RMS value is
150 A. The AC-circulating current i, follows the reference
i, well with a peak value of 285 A, as shown in Fig. 3(b).
Fig. 3(c) shows the waveform of the top and bottom half-arm
currents in the upper arm with a peak value of 413 A. The
currents include the resonant frequency component, which
allows the power difference to be redistributed between the
upper and lower arms through the flying capacitor. Therefore,
the SM capacitor voltage ripple, AV, ,,, is suppressed as
160 V (9% of 1750-V base), as shown in Fig. 3(d). Accord-
ing to (18), the SM capacitor voltage ripple without inject-
ing resonant-frequency components is calculated as 1487 V.
Hence, AV, ,, is mitigated significantly in the FC-MMC.
However, the flying capacitor current (double the value of iy, )
leads to ripple of the flying capacitor voltage, whichis 1564 V
(44.7% of the 3500-V base), as shown in Fig. 3(e). This
value exceeds the maximum flying capacitor voltage limit
(0.1V4. = 700 V). The power difference between the upper
and lower arms is fully redistributed, so the value of k can be
considered as one in the conventional method.

Fig. 4 shows the performance of the FC-MMC with the
proposed control scheme at w,,;, = 150 rpm under full load
condition with AV, p, 4. setas 260 V. The three-phase output
current waveform is shown in Fig. 4(a) with the same RMS
value as in Fig. 3(a). The AC-circulating current reference,

i¥., is controlled in the shape of square wave, as illustrated
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FIGURE 4. Performance of proposed control scheme. (a) Three-phase
output current. (b) AC-circulating current. (c) Top and bottom half-arm
currents in the upper arm. (d) SM capacitor voltages of phase-a. (e) Flying
capacitor voltage in phase-a.

in Fig. 4(b). The AC-circulating current, i, can well track its
reference with the appropriate resonant frequency (77.2 Hz),
of which peak value is 110 A. Fig. 4(c) shows the top and
bottom half-arm currents in the upper arm with 285 A peak
value. Compared with the method of [24], the AC-circulating
current and the half-arm currents with the proposed method
are reduced by 61.4% and 30%, respectively. The SM capac-
itor voltage ripples in Fig. 4(d) are 290 V (17% of the
1750-V base), which are kept within the allowable range.
The power difference between the upper and lower arms is
not fully redistributed as in the conventional method, so k&
is 0.82. Fig. 4(e) shows the flying capacitor voltage, where
the ripple is low (680 V) compared to that of the conventional
one (1496 V) and does not exceed the maximum voltage
limit (0.1Vy,).

Fig. 5 illustrates the performance of the proposed control
scheme at low-speed operation (w;;, = 150 rpm) when the
load torque is changed from no load to full load and back
to no load at r = ¢;. Figs. 5(a) — (c) show the three-phase
output current, the AC-circulating current, and the top and
bottom half-arm currents in the upper arm, respectively. Dur-
ing operation, the SM capacitor voltages are kept within the
specified AVe_pp_ge (290 V), which is illustrated in Fig. 5(d).
According to (34), k increases as the load is increased. Hence,
k changes from 0.46 to 0.82 at + = #y. The voltage ripple
in flying capacitor is demonstrated in Fig. 5(f), where the
maximum peak-to-peak value at the rated load is 680 V
(19.4% of 3500-V base).

Fig. 6 shows the performance of the acceleration operation
in no-load condition. The motor speed, w,,, is increased from
zero at ¢t = fp to the rated speed of 1470 rpm, as shown
in Fig. 6(a). The phase output voltage and the three-phase
output current are shown in Figs. 6(b) and (c), respectively,

180081



IEEE Access

D. D. Le, D.-C. Lee: Reduction of Half-Arm Current Stresses and Flying-Capacitor Voltage Ripples of Flying-Capacitor MMCs

[A] V=t yi=t
FO O N 1
(@ i 0 KRISERR RO
oo s e
[A]
[+ 100
® o mommm““mm
ar - .100
[A]
iy 2%
ans - 200
[Vl x

15 100000000a0(a0e0000000000000000C0000000
(d) Veja 1k

0.5k

() k R
[Vl «

3.75k
(f) Uc‘l",u 3.5k
3.25k

3k
1 2 3 4 5
Time (s)

FIGURE 5. Performance of proposed control scheme at wym = 150 rpm
under load change. (a) Three-phase output current. (b) AC-circulating
current. (c) Top and bottom half-arm currents in the upper arm. (d) SM
capacitor voltages of phase-a. (e) Factor k. (f) Flying-capacitor voltage in
phase-a.

where their fundamental frequency is increased gradually
from 0 to 50 Hz. Fig. 6(d) shows the factor k. According
to (34), k is equal to one initially at + = #y3. As the motor
speed increases, k decreases gradually to zero at r = 1.
Thus, the operating speed is high enough for the SM capac-
itor voltages to be naturally balanced and maintained within
acceptable limit without the AC-circulating current, i, flow-
ing through the flying capacitor. Hence, the AC-circulating
current, i -, becomes zero at t = ¢, as shown in Fig. 6(e).
The top and bottom half-arm currents in the upper arm
are shown in Fig. 6(f). The SM capacitor voltages and the
flying-capacitor voltages are illustrated in Figs. 6(g) and (h),
where the ripples become low at high-speed region.

Table 2 summarizes the control performances of the pro-
posed and conventional methods, where the RL (0.9 €;
10 mH; Y-connection) load is applied. With the proposed
method, the peak value of half-arm currents (ix/i10r2)
is reduced by 33.3% and 13.3%, respectively, compared
with [24] and [26]. It leads to the reduction of the current
stress on switching devices. Furthermore, the peak value of
AC-circulating current (iy,) is reduced by 61.1% and 34%,
respectively, which also results in lower current stress on
flying capacitors. In addition, in the proposed method, the
peak-to-peak value of flying capacitor voltage (Avcr) is
maintained within an allowable range (0.168 p.u.; 700 V).

V. EXPERIMENTAL RESULTS
The proposed method was also validated by experimental
tests with a FC-MMC that has four SMs per arm. The DC-link
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FIGURE 7. Experimental system configuration.

voltage is 300 V, and the capacitor voltage reference, vz,
is 75 V. Fig. 7 shows the experimental system configura-
tion, where a 230-V/3-kW induction motor is coupled with a
PMSG to apply the load. The DC-link voltage, V., the 24 SM
capacitor voltages, vcy j, and the 12 half-arm currents are
sent to two main controllers, which consist of an FPGA
(Xilinx XC3S400) and DSP (TMS320F28335). CAN com-
munication is used to transfer data between these controllers.
Comparisons are made between the SM voltage references,
Vi 112, and the corresponding triangular carrier signals,
and then 48 gate signals are produced and sent to the SMs
of the converter. The field-oriented control is applied to

VOLUME 8, 2020



D. D. Le, D.-C. Lee: Reduction of Half-Arm Current Stresses and Flying-Capacitor Voltage Ripples of Flying-Capacitor MMCs

IEEE Access

the speed control of the induction motor drive. In Table 3,
the specifications of the converter and induction motor for the
experiment are listed. A photo of the prototype setup is shown
in Fig. 8.

TABLE 3. Induction motor parameters and ratings.

Parameters Symbol SI p-u.
Converter
Apparent power S 3.57 (kVA) 1
DC link voltage Vae 300 (V) 1.3
Number of SMs per arm N 4 -
Half-arm inductance L 2.5 (mH) 0.053
SM DC voltage v 75 (V) 0.35
SM capacitance C 3800 (uF) 17.6
Defined peak-to-peak voltage de
ripple of SM AvES, 12 (V) 0.052
Flying capacitance Cr 4700 (pF) 21.8
Carrier frequency fe 4000 (Hz) 80
Injected Resonant frequency 1 46.4 (Hz) 0.93
Induction motor
Output power p, 4 hp 0.84
Rated voltage ViL 230V 1
Rated current Tatea 109 A 1.2
Rated frequency fo 50 Hz 1
Rated speed WO rated 1430 rpm 1
Rated torque Trared 19 N.m 1

Submodule

FIGURE 8. Experimental prototype of FC-MMC and induction motor.

Fig. 9 demonstrates the performance of the FC-MMC with
the conventional method [24] at w,,;, = 150 rpm under full
load condition. The three-phase output current waveform is
shown in Fig. 9(a), where the RMS value is 10.9 A. The
AC-circulating current is demonstrated in Fig. 9(b) with a
peak value of 19.5 A. The top and bottom half-arm currents
in the upper arm are shown in Fig. 9(c) with a peak value
of 27.5 A. Due to the power difference redistribution between
the upper and lower arms through the flying capacitor, the SM
capacitor voltage ripple, AV, _,,, is suppressed around 9 V
(12% of 75-V base), as shown in Fig. 9(d). Fig. 9(e) illustrates
the ripple of the flying capacitor voltage which is around 93 V
(62% of 150-V base). This value is higher than the maximum
flying capacitor voltage limit (0.1V,. = 30 V).
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FIGURE 9. Performance of the conventional method. (a) Three-phase
output current. (b) AC-circulating current. (c) Top and bottom half-arm
currents in the upper arm. (d) SM capacitor voltages of phase-a. (e) Flying
capacitor voltage in phase-a.
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FIGURE 10. Performance of proposed control scheme. (a) Three-phase
output current. (b) AC-circulating current. (c) Top and bottom half-arm
currents in the upper arm. (d) SM capacitor voltages of phase-a. (e) Flying
capacitor voltage in phase-a.

Fig. 10 shows the performance of the FC-MMC with the
proposed control scheme, where AV, , 4. is set as 16% of
v¢: (12 V). During operation, k is 0.82. The three-phase output
current is shown in Fig. 10(a) with an RMS value of 10.9 A.
Fig. 10(b) illustrates the performance of the AC-circulating
current controller. It shows that the AC-circulating current
can follow the square-wave of current reference well with
the resonant frequency value of 46.4 Hz, and its peak value
is 9 A. Fig. 10(c) shows the top and bottom half-arm currents
in the upper arm with a peak value of 18.5 A. The SM
capacitor voltage ripples in Fig. 10(d) are 14.5 V (19.3% of
the 75-V base), which are maintained within the allowable
range. As a result of neglecting the minor terms in (13),
the result is slightly different from the defined value of
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FIGURE 11. Performance of proposed control scheme at wrm = 150 rpm
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current. (c) Factor k. (d) AC-circulating current. (e) Top and bottom
half-arm currents in the upper arm. (f) SM capacitor voltages of phase-a.
(g) Flying-capacitor voltage in phase-a.

AV pp_de (12 V). Compared with the method [24], which
is shown in Fig. 9, the AC-circulating and half-arm currents
are decreased by 53.8% and 32.7%, respectively. It leads to
the reduction of current stresses on the switching devices,
inductors and flying capacitors. Fig. 10(e) demonstrates the
flying capacitor voltage in phase-a, vcr,, where the ripple
is low (30 V) compared to that of the conventional method
(93 V) and it does not exceed the maximum voltage limit
(0.1Vy.). Thus, by selecting appropriately the frequency limit
of the circulating current, the flying-capacitor voltage ripple
can be kept within the acceptable range.

Fig. 11 illustrates the performance of the proposed control
scheme at low-speed operation (w;, = 150 rpm) under
changing load. The load torque is changed from no load to
full load at + = f¢ and back to no load at ¢t = #;. The
motor speed and the three-phase output current are shown in
Figs. 11(a) and (b), respectively. In Fig. 11(c), k is equal to
0.5 at no load, while it is 0.82 at full load. The AC-circulating
current and the top and bottom half-arm currents in the upper
arm are shown in Fig. 11(d) and (e), respectively. The SM
capacitor voltages of phase-a (Vcoq, Veda, Veoa and vegq) and
the flying capacitor voltage are shown in Fig. 11(f) and (g),
respectively.

Fig. 12 shows the performance of the acceleration oper-
ation at no load. In Fig. 12(a), the motor speed, wy,
is increased from zero at ¢t = fy to the rated speed
of 1430 rpm without overshoot or undershoot. The phase
output voltage and three-phase output current are shown in
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FIGURE 12. Performance accelerating process from zero to rated speed
under no load. (a) Motor mechanical speed. (b) Phase output voltage.
(c) Three-phase output current. (d) Factor k. (e) AC-circulating current.
(f) Top and bottom half-arm currents in the upper arm. (g) SM capacitor
voltages of phase-a. (h) Flying capacitor voltage in phase-a.

Figs. 12(b) and (c). In Fig. 12(d), & is high to maintain the SM
capacitor voltage within the limit at low speed. k& becomes
zero at t = t;. The operating speed is high enough for
the SM capacitor voltages to be naturally balanced without
power redistribution between the upper and lower arms. Thus,
the AC-circulating current, i,-, reaches to zero at t = 1y,
as shown in Fig. 12(e). The top and bottom half-arm currents
in the upper arm are shown in Fig. 12(f). The SM capac-
itor voltage and flying capacitor voltage are demonstrated
in Fig. 12(g) and (h), respectively. The maximum peak-
to-peak AC voltage fluctuation of SM capacitor is 14.5 V,
which is 19.3% of 75 V.

VI. CONCLUSION

This paper has proposed a control method which is able to
reduce the peak value of half-arm currents and flying capaci-
tor voltage ripples for a FC-MMC. Specifically, how to deter-
mine the frequency range of the square-wave voltage to be
injected has been suggested, with which the flying-capacitor
voltage ripples can be kept within the allowable range and
the control performance of the AC-circulating current is
improved. By adjusting the power difference between the
upper and lower arms through the flying capacitor branch,
the current stresses on switching devices and flying capacitors
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have been reduced by 53.8% and 32.7%, respectively, for
experimental tests. The proposed control algorithm has been
implemented for a 4160-V/I-MW simulation model and a
230-V/3-kW prototype of the FC-MMC-fed induction motor
drive.

APPENDIX
A. DERIVATION OF (18)

In (16), the energy fluctuation of the top half-arm in the upper
arm, Ey,1, can be derived as:

~ Vaclo

Exul ~
w

[(0.125 — 33—2m2> cos(wt + 8) cos(¢)

1
+ (0.125 — 3—2m2> sin(wt + 8) sin(¢)} . (38)
From (38), the maximum and minimum values are:
Vel
Exul_max = C: < vV e% + e%’ (39)
Exu]_min = —Lxul_max, (40)
where
3 2
e1 = [ 0.125 — —m~“ | cos(¢), 41
32
1
er = [0.125 — —m? | sin(¢). (42)
32
B. DERIVATION OF (22)
Using Fourier expansion, fcn(f;,t) is expressed as:
4 =1,
fen(fe. == —sin(n2xfr). (43)
T n=1,3,5,... n

For a simplified derivation, it is assumed that the square-
wave function, fen(f;,t), consists of only the fundamental fre-
quency with higher order harmonics neglected. Substituting
(19) and (43) into (21),

vep = Ci/ I, sin(wt + & — ¢) . 4sin(a),t)dt N E
F

2(1 —m) T 2
(44)

From (44), the flying-capacitor voltage ripple, Avcr pp,
in (22) is obtained.
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