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Hybrid Back-to-Back MMC System for Variable 
Speed AC Machine Drives
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Abstract—Modular multilevel converter (MMC) has drawn 
great attention in variable-speed machine drives. However, a 
challenge exists that the voltage ripple of sub-module capacitors 
in MMC would be very large at low motor speed. In this paper, a 
novel back-to-back (BTB) MMC system is introduced which can 
effectively limit the capacitor voltage ripple. The grid-side MMC is 
a hybrid structure which uses full-bridge sub-modules in the upper 
arm whereas half-bridge sub-modules in the lower arm. The DC-
link current is controlled to be constant thus the motor-side MMC 
with half-bridge sub-modules can reduce its DC-link voltage at 
low frequencies so as to absorb less energy variation and limit the 
capacitor voltage ripple. The operating principle of this hybrid 
BTB MMC system and the corresponding control strategies are 
discussed. The effectiveness has been validated by simulation and 
experimental results. 

Index Terms—Back-to-back (BTB) system, capacitor voltage 
ripple, modular multilevel converter (MMC), sub-module (SM), 
variable-speed drives.  

I. Introduction

THE modular multilevel converter (MMC) is the most recent 
development in the multilevel converter family which was 

originally proposed for high voltage DC (HVDC) transmission 
[1], [2]. Meanwhile, MMC has also gained significant research 
interest in high power motor drive applications due to its 
advantages such as modularity, scalability, high efficiency, high 
reliability, and excellent voltage waveform quality [3], [4], and 
MMC medium-voltage motor drive has already been put into 
commercial use [5]. 

However, since the sub-module (SM) capacitors of MMC 
are floating, the capacitor voltage will fluctuate when arm 
current flows by. It is revealed that the capacitor voltage ripple 
of MMC is directly proportional to the amplitude of the output 
current while inversely proportional to the output frequency [6]. 
Hence, this voltage ripple problem would become very severe 
in the applications where high starting torque is required at low 
motor speeds. To overcome this problem, measures must be 
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taken to limit the capacitor voltage ripple of MMC within an 
acceptable range. Injection of a higher frequency circulating 
current into phase arms, in coordination with a common-
mode voltage of the same frequency imposed at the three-
phase AC terminals, allows the SM capacitors to get charged 
and discharged more frequently, so as to reduce their voltage 
ripple [6]-[9]. However, this additional circulating current 
significantly increases the current rating of the converter, which 
could be as high as three times that without injection [10]. To 
reduce the peak value of the injected current, some improved 
circulating current injection methods using square wave [10]-
[12] and the inclusion of a third-order harmonic [13] were 
proposed instead of using sinusoidal wave. But the arm current 
is still much higher than that is required at rated speed. In 
addition, high magnitudes of harmful common-mode voltage 
are intentionally superposed upon the motor, which causes 
bearing current and insulation problems and may shorten the 
lifetime of the motor. On the other hand, several topology 
modifications were proposed to address the capacitor voltage 
ripple problem of MMC. In [14], an additional circuit branch 
was introduced by a cross-section connection of the upper and 
lower arms which provides a new power transfer path. In [15], 
an auxiliary voltage clamping circuit was added in each SM 
to exchange power with other SMs and force the capacitor 
voltage stable. The auxiliary balance circuit can also be placed 
between the adjacent SMs in a dual MMC topology driving an 
open-end winding machine [16]. In [17], a series switch was 
added in the DC link of MMC in which the capacitor voltage 
ripple at low motor speeds is only up to twice the value at rated 
speed. 

Furthermore, in [18], an MMC rectifier is employed as the 
front end, forming a back-to-back (BTB) MMC system, which 
has potential for driving four-quadrant motors with energy 
regenerative capability, such as the pumped hydro storage 
[19], [20]. The topology, as well as its control strategy, has an 
advantage that the capacitor voltage ripple can basically keep 
unchanged, independent of the motor speed. But both the two 
MMCs are equipped with full-bridge sub-modules (FBSMs). 
It not only brings great extra hardware cost compared to 
the half-bridge SM, but also results in higher switching and 
conduction losses. In [21] the BTB MMC motor drive system 
is improved, that the half-bridge sub-modules (HBSMs) and 
FBSMs are employed in a hybrid structure. It inherits the 
merit of small capacitor voltage ripple of the motor-side MMC 
at low motor speeds, and more importantly, it remarkably 
reduces the number of semiconductor devices thus reduces the 
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switching and conduction losses and increases the operating 
efficiency. This paper further extends the work of [21], which 
systematically presents this approach, mathematically derives 
the capacitor voltage ripple expressions, improves the control 
schemes considering decoupling and even distribution of the 
energy among the phases and between the arms, and builds 
a lab-scale prototype and is demonstrated with experimental 
results. The rest of this paper is organized as follows. In 
Section II, the circuit configuration of the proposed hybrid 
BTB MMC motor drive system and its operating principle are 
illustrated. This is followed by the circuit analysis in Section 
III, which explains why capacitor voltage ripple can be limited 
at low motor speeds. Further, Section IV discusses the control 
schemes for this BTB MMC system. The validity of the 
proposed topology and effectiveness of the control schemes are 
verified by simulation and experimental results in Section V, 
respectively. Finally, Section VI concludes this paper. 

II. Circuit Configuration and Operating Principles

Circuit configuration of the proposed BTB MMC motor drive 
system is shown in Fig. 1. Two MMCs are connected through 
the DC side, where one MMC is connected to the grid, named 
the grid-side MMC, and the other one, named the motor-side 
MMC, is utilized to drive an AC motor. Each MMC consists of 
three phases and each phase consists of two arms, the upper and 
the lower, which are connected through two arm inductors, i.e., 
Lg in grid-side MMC and Lm in motor-side MMC. And each arm 
is composed of N series connected SMs.

All the SMs in the motor-side MMC are HBSMs. However, 
the grid-side MMC has a hybrid structure where the upper 
arms are made up of FBSMs and the lower arms are composed 
of HBSMs. The terms um, im and ug, ig represent output AC 
voltages and currents of the motor-side MMC and input AC 

Full-bridge SM

Half-bridge SM

SM1

SM2

SM1

SM2

SM1

DC Link

SM2

SMN SMN SMN

SM1

SM2

SMN

SM1

SM2

SMN

SM1

SM2

SMN

SM1

SM2

SMN

SM1

SM2

SMN

SM1

SM2

AC motor

Half-bridge SM

SMN

SM1

AC grid

SM2

SM1

SM2

SM1

SM2

SMN SMN SMN

UC

UC

Half-bridge SM

UC

UC

Uug

iug

ig

ig

ug

ulg

Lg Lg Lg

Idc

Lg Lg Lg

Udc

Grid-side MMC Motor-side MMC

uum

ium

ilm

Ulm

Um

Lm Lm Lm

Lm Lm Lm

im

M

Fig. 1.  Circuit configuration of the hybrid BTB MMC motor drive system.

voltages and currents of grid-side MMC, respectively. uum, ium 

and ulm, ilm represent the voltages and currents of the upper 
arm and the lower arm of the motor-side MMC, respectively. 
Meanwhile uug, ulg and iug, ilg represent the voltages and currents 
of the upper arm and the lower arm of the grid-side MMC, 
respectively. Besides, Udc is the DC-link voltage and Idc is the 
DC-link current. 

For the motor-side MMC, the voltages through the upper 
and lower arms can be represented as 

(1)

The output current im splits equally into the upper and lower 
arms. Incorporating the circulating current component icir_m, 
currents through the upper and lower arms can be expressed as

(2)

With even-order harmonics suppressed as described in [22], 
the circulating current considering only the DC component is 

                                     (3)

The output voltages and currents can be written as 

                             (4)
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where Um and Im are magnitudes of the output AC voltage 
and current, φm is the phase angle of the motor, and ωm 

is the angular frequency of motor. If the motor is fed to a 
constant-torque load, Im is constant. According to pulse width 
modulation of MMC, Um can also be written as 

                                       (5)

in which M presents the modulation index varying from 0 to 
1, and in motor drive applications a constant Um/ωm ratio (i.e., 
constant Volt/Hertz) is usually ensured. 

Conventionally, DC-link voltage of the BTB system is 
invariant. According to power balance between the AC and DC 
sides of motor-side MMC (i.e., 1/3UdcIdc = 1/2UmImcos φm and 
converter loss is neglected), the DC-link current Idc would be in 
proportion with motor speed when the constant-torque load is 
applied. Hence, Idc should be equal to its rated value when the 
motor operates at rated speed, as shown in Fig. 2(a), whereas Idc 
decreases with the reduction of speed, as shown in Fig. 2(b). 

In contrast, in terms of the proposed hybrid BTB system, the 
DC-link current is controlled to be constant as Idc ≡ Idc(rated). Udc 
is therefore variable which varies in accordance with the motor 
speed to satisfy the power balance between the AC and DC 
sides. As shown in Fig. 3, Udc is equal to Udc(rated) at rated motor 
speed whereas decreases linearly under low motor speeds, 
which follows 

                         (6)

As a consequence, with the proposed operation mode, when 
ωm varies, the modulation index M in (5) becomes constant so 
as to satisfy the Um/ωm relationship. 
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Fig. 2.  Sketch map of operation waveforms of traditional BTB MMC system. 
(a) At rated speed and (b) under low speed. 

On the other hand, in order to accommodate the variable 
DC-link voltage, the grid-side MMC is modified by employing 
FBSMs in the upper arms. Unlike the traditional MMC whose 
upper and lower arm voltages are symmetrical and presenting 
the same DC voltage component, i.e., Udc(rated)/2 as shown in 
Fig. 4(a), the grid-side MMC in the proposed hybrid BTB 
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Fig. 3.  Sketch map of operation waveforms of proposed hybrid BTB MMC 
system. (a) At rated speed and (b) under low speed. 
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BTB MMC system and (b) proposed hybrid BTB MMC system. 
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system has unsymmetrical arm voltages. As shown in Fig. 
4(b), DC component of the lower arm voltage is still Udc(rated)/2, 
however, by utilizing the voltage reversal capability of FBSMs, 
DC component of the upper arm voltage is generated as Udc-
Udc(rated)/2  to make sure summation of the two arms is equal 
to the variable DC-link voltage Udc. Therefore, the voltages 
generated by the upper and lower arms in the proposed grid-
side MMC become

                    (7)

Due to the unsymmetrical arm voltages, the currents through 
the upper and lower arms should be unsymmetrical as well 
so as to keep the power balance of each arm. The AC current 
therefore would be unevenly distributed between the upper and 
lower arms, which gives 

                        (8)

where a factor k is introduced to denote the AC current distribu-
tion ratio between the arms, and icir_g is the circulating current 
of grid-side MMC after suppressing the even-order harmonics, 
which is 

                               (9)

The input grid voltages and currents can be written as 

                      (10)

where Ug and Ig are the magnitudes of AC voltage and current, 
φg is the phase angle of the grid, and ωg is angular frequency 
of the grid. According to power balance between AC and 
DC sides (i.e., 1/2UgIgcos φg = 1/3UdcIdc), here Ig becomes 
proportional with the DC-link voltage Udc. Referring to (6), a 
constant Ig/ωm relationship for the grid-side MMC is resulted. 

Although DC-link voltage reduces with the decrease of 
motor speed, the SM capacitor voltages of both MMCs in the 
proposed BTB system are stable with an average voltage of 

                            (11)

III. Sub-Module Capacitor Voltage Ripple Analysis

To reveal the merits of the proposed hybrid BTB system 
under low motor speeds, in this section, capacitor voltage 
ripple of the SMs in the motor-side and grid-side MMCs are 
analyzed, respectively. 

A. Capacitor Voltage Ripple Analysis of the Motor-Side MMC 

Based on (1)-(5), the instantaneous power of the upper and 
lower arms in the motor-side MMC can be derived as 

(12)

The instantaneous energy absorbed by the arms are therefore 
the integral of pum and plm, respectively, which gives 

    (13)

The extremum values of wum and wlm can be obtained by 
examining their first derivatives, which actually correspond to 
the zero values of of pum and plm. Since the term 1 ± Mcos (ωmt) 
in (12) is always larger than zero, the corresponding instants of 
the extremum values can be solved as 

                    (14)

Insertion of (14) into (13), the peak-to-peak value of the 
energy absorbed by each arm is

   (15)

This arm energy variation is eventually buffered by the N 
SM capacitors in each arm, that is 

, (16)

where ΔUCpp is the SM capacitor voltage ripple, which is 
equal to the difference between the maximum and minimum 
capacitor voltage values Umax and Umin. As a result, the SM 
capacitor voltage ripple in motor-side MMC is 

    (17)
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where in conventional MMC, Udc is invariable and Idc/ωm is 
constant, but modulation index M would become smaller when 
the motor speed decreases, which leads to significantly higher 
capacitor voltage ripple at low motor speeds. In contrast, with 
the proposed operation mode, Idc and M are both invariable and 
Udc/ωm is constant. This means that constant capacitor voltage 
ripple is ensured within the whole speed range. 

It should be noted, practically at speeds very close to zero, 
the Volt/Hertz relationship of motor would not be satisfied, 
therefore, the capacitor voltage ripple at very low motor speed 
will become larger than that of the above theoretical analysis, 
and it is not possible for the hybrid BTB MMC system to 
drive a motor stably operating at zero speed with a high torque 
request, or else some extent of injections [6]-[9] have to be 
used. However, most medium-voltage motors are not required 
to operate at zero speed. Due to acceleration of motor, motor 
speed will quickly surpass the close-to-zero range (and with 
an asynchronous machine, the slip frequency aspect further 
relieves this problem), so the hybrid BTB MMC system can be 
effective to start up a motor. 

B. Capacitor Voltage Ripple Analysis of the Grid-Side MMC 

With respect to the grid-side MMC, considering absorbing 
active power from the grid (i.e., cos φg = -1) and according to 
(7)-(10), the instantaneous powers of the upper and lower arms 
can be derived as 

(18)

Note that the first term in (18) is a DC component. If k is 
equal to 1/2 as in conventional MMC where the grid current 
ig splits equally into the upper and lower arms, a non-zero DC 
component would appear in pug and plg. This is unacceptable 
since a DC power results in continuous charging or discharging 
of the SM capacitors. Therefore, the DC components in (18) 
must be zero, which gives 

                             (19)

As a result, the current distribution factor k in the proposed 
hybrid MMC is dependent on the motor speed. 

Expression of the instantaneous arm energy can be derived 
by performing integration of pug and plg, which gives 

  (20)

Likewise, to analyze the SM capacitor voltage ripple of the 
grid-side MMC, it is necessary to calculate the maximum arm 
energy variation. Observing (20), it is noteworthy that, within 
the whole motor speed range 0 ≤ ωm ≤ ωrated, the amplitude 
of each term in wug is always no higher than the corresponding 
term in wlg. Hence, for the grid-side MMC, energy variation 
of the lower arm is more significant. By examining the zero 
values of (18), the instants corresponding to the extremum 
values of wlg can be solved as 

                     (21)

Insertion of (21) into (20) yields the maximum variation of 
wlg, which is

   (22)

This energy variation has to be buffered by the SM 
capacitors, referring to (16), the capacitor voltage ripple of 
grid-side MMC can be obtained as 

(23)

where in the proposed operation mode, Udc/ωm is constant 
and all the other parameters are invariant, which indicates 
the capacitor voltage ripple is kept unchanged in the lower 
arms, irrespective of the motor speed. Moreover, since energy 
variation of the upper arm is even smaller, the grid-side MMC 
also presents satisfactory performance in limiting the capacitor 
voltage ripple. 

In comparison with [18] in which all the arms of the two 
MMCs are employing full-bridge SMs, the proposed BTB 
system remains the merit that SM capacitor voltage ripples are 
not increased under low motor speeds. However, the proposed 
system only uses full-bridge SMs in the upper arms of grid-side 
MMC while the other arms still utilize half-bridge SMs, which 
reduces the footprint, capital cost, and conduction losses. 
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IV. Control Schemes

This section develops the suitable control strategies for the 
proposed hybrid BTB MMC system. The main control targets 
include regulation of the constant DC-link current, stabilization 
of the energy stored in the capacitors as well as ensuring its 
even distribution among the SMs, and the AC current control. 

A. Control Strategy of the Grid-Side MMC 

Fig. 5 shows the control strategy of the grid-side MMC. 
The DC-link current control ensures a constant Idc by adjusting 
the DC component in the arm voltages. On the other hand, 
stable operation of the grid-side MMC requires power balance 
between AC input and DC output must be maintained. The 
power difference between the input and output would influence 
the stored energy in the capacitors, an overall energy balancing 
control is therefore used to keep the measured average voltage 
of all the SM capacitors UC(avg)_g equal to the reference value 
Udc(rated)/N. This is accomplished by adjusting the absorbed 
active current command Id_g. 

Moreover, a phase energy balancing control is utilized to 
ensure the total energy are evenly distributed among the three 
phases. The measured average capacitor voltage of each phase 
UC(avg-j)_m (j represents phase A, B, C, respectively) is controlled 
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equal to UC(avg)_m, by producing a DC current adjustment 
component of the corresponding phase, Δicir,g0. Furthermore, 
The arm energy balance is realized by adjusting a fundamental-
frequency current component Δicir,g1 which automatically 
keeps the appropriate current distribution factor k as in (19) to 
stabilize the average capacitor voltage of the upper and lower 
arm UC(ug-j) and UC(lg-j). Subsequently, these current adjusting 
components are added with 1/3Idc(rated), which generates the 
circulating current reference of each phase icir_g_ref. An inner-
loop is then performed to force the actual measured icir_g follow 
this reference. A feedforward control is utilized to generate the 
final arm voltages as in (7), where the actual DC-link voltage 
Udc is measured and filtered by a low-pass filter to eliminate the 
switching harmonics. Finally, the obtained reference voltages 
are sent to the phase-shifted PWM (PS-PWM) [23], which 
synthesizes the gating signals for the SM IGBTs and ensures 
balance of the SM capacitor voltages within each arm. 

B. Control Strategy of the Motor-Side MMC 

Control strategy of the motor-side MMC is shown in Fig. 
6. Firstly, the field oriented control (FOC) is used to regulate 
the motor speed and generates the AC voltage commands. 
Meanwhile, since the total DC current Idc is constant in the 
proposed BTB system, a circulating current controller is 
employed to force Idc be evenly distributed among the three 
phases, giving circulating current of each phase as 1/3Idc, where 
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the controlled variable is the DC offset of the arm voltages in 
each phase.  

In order to maintain the overall energy stored in the motor-
side MMC is stable, the average voltage of all the SM 
capacitors UC(avg)_m should be kept equal to the rated voltage 
Udc(rated)/N. This is realized by adjusting the common-mode DC 
offset among the three phases, as a result the voltage multiplied 
with the constant DC current would absorb the appropriate 
power from the DC side. Besides, the measured average 
capacitor voltage of each phase UC(avg-j)_m is controlled equal 
to UC(avg)_m by producing a DC current adjusting component 
Δicir_m0 to ensure the phase energy balance. Likewise, arm 
energy balance is realized by adjusting a fundamental-
frequency current component Δicir_m1. At last, the PSC-PWM is 
adopted to generate the gating signals for the SM IGBTs. 

V. Simulation and Experimental Results

A. Simulation Results 

To verify the validity of the proposed hybrid BTB MMC 
drive system and its corresponding control strategies, a 1.3 
MW BTB MMC is simulated based on MATLAB/Simulink, 
where a constant-torque load (Im = 250 A) is connected. For 
both MMCs, the rated DC-link voltage is set as 8 kV provided 
by 10 SMs in each arm with a rated voltage of 800 V. Detailed 
parameters of the simulation are listed in Table I. 

Fig. 7 records the simulation results of the motor-side MMC 
under different motor frequencies. In Fig. 7(a), the motor 
frequency was at rated 50 Hz. The output AC currents were 
regulated at amplitude of 250 A. The DC-link voltage Udc was 
8 kV, the DC-link current Idc was 164 A, and the upper-and 

TABLE I
Simulation Parameters

lower-arm SM capacitor voltage ripples were 72 V. 
In Fig. 7(b) and (c), the motor frequency has been reduced to 

25 Hz and 5 Hz, respectively. It can be noticed that both the AC 
currents and the DC-link current Idc were invariant, whereas 
the DC-link voltage Udc decreased in proportion with the motor 
frequency to maintain constant Udc/ωm. The capacitor voltage 
ripples were basically kept constant irrespective of the motor 
frequency and which agrees well with the theoretical analysis 
in (17). 

On the other hand, Fig. 8 shows the simulation results of 
the grid-side MMC under different motor frequencies. The 
condition of 50 Hz motor frequency is shown in Fig. 8(a). It 
can be observed that capacitor voltage ripple of both the upper- 
and lower-arm SM were 72 V. The grid currents were with 250 
A amplitude and in phase with the grid voltages which ensures 
an unit power factor. The DC components of arm voltages uug 
and ulg were 4 kV and the DC components of arm currents iug 
and ilg were 55 A. The AC components of iug and ilg were equal 
to 125 A which is consistent with the distribution factor k = 0.5 
in (8) and (19). 

Fig. 8(b) and (c) show the conditions of 25 Hz and 5 Hz 
motor speed, respectively. When motor speeds decreased, the 
power consumed by the motor was decreased as well. As a 
result, it can be seen the amplitudes of grid currents decreased 
with the reduction of speed to keep power balance of the 
whole system. Besides, DC component of uug (with full-bridge 
SMs) was 0 kV at 25 Hz and -3.2 kV at 5 Hz, whereas DC 
component of ulg (with half-bridge SMs) was kept constant at 
4 kV. The arm currents iug and ilg became unsymmetrical with 
different AC current components distribution (iug: 0 A at 25 Hz 
and 95 A at 5 Hz and ilg: 135 A at 25 Hz and 130 A at 5 Hz). 
These results also follow (8) and (19). Particularly, it can be 

C C
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seen that capacitor voltage ripple of the lower arm UC_lg was 
kept unchanged, whereas capacitor voltage ripple of the upper 
arm was always no higher than that of the lower. Furthermore, 
Table II illustrates that the simulated capacitor voltage ripple 
of both the motor-side and grid-side MMC coincide with the 
theoretical values. These results confirm that the capacitor 
voltage ripple at low motor speeds has been well limited in 
both the motor-side and grid-side MMCs. 

B. Experimental Results 

The proposed hybrid BTB MMC drive system is further 
verified by building a scaled-down prototype with two induction 
motors (Siemens 1LE0001-1CB23-3AA4) as shown in Fig. 9. 
One motor is driven by a four-quadrant commercial drive (ABB 
ASC800-1 1-0016-3) providing a constant torque load and the 
other is driven by the hybrid BTB MMC. Detailed parameters 
of the experimental platform are listed in Table III. 

Fig. 10(a) presents the experimental results at 50 Hz. Ampli-
tude of AC output current of the motor-side MMC was 22 A. 
The grid voltage ug and current ig were basically in the same 
phase angle which represents high power factor. The DC-link 
voltage Udc was at rated voltage 750 V and the DC-link current 
Idc was regulated at 11.5 A. The average capacitor voltages of 
SMs in both sides were maintained balanced Udc(rated)/N = 250 V. 
The capacitor voltage ripples of motor-side MMC were 18.4 V 
and that of the grid-side MMC were 13.4 V. 

Fig. 10(b) further represents the experimental results at 
25 Hz. Amplitude of AC output current of the motor-side MMC 
was still 22 A which shows constant torque characteristic. 
Meanwhile, amplitude of the grid current was reduced 

TABLE II 
Theoretical and Simulated Capacitor Voltage Ripples in Motor-Side and Grid-Side MMCS 

Frequency/Hz

50
25
5

72
72
75

72
73
72

78.5
78.5
78.5

75.9
75.9
75.9

Simulation ripple/V 
Motor-side MMC      Grid-side MMC

Simulation ripple/V 
Motor-side MMC      Grid-side MMC

accordingly which maintains the power balance of the whole 
system. The DC-link voltage Udc was reduced to 385 V and 
DC-link current Idc was still 11.5 A. The capacitor voltage 
ripples of the motor-side MMC were kept at 18.4 V. Capacitor 
voltage ripple of the lower arm of grid-side MMC UC_lg was 
constant at 13.4 V, whereas voltage ripple of the upper arm 
UC_ug became smaller than UC_lg. 

Experimental results of 5 Hz and 2 Hz motor frequencies are 
further shown in Fig. 10(c) and (d). The grid current amplitude 
was even smaller, the DC-link voltage Udc was further reduced, 
while the DC-link current Idc was invariant. Capacitor voltage 
ripples of the grid-side MMC were stable, but capacitor 
voltage ripples of motor-side MMC were increased higher 
than the theoretical value. This is mainly due to the practically 
higher Udc at low motor speeds. which has to ensure 1/2Udc is 
higher than um and also compensates the non-linearity of V/
F relationship of the induction motor and the corresponding 
IGBT voltage drops. This effect is more significant in the 
downscaled prototype since the voltage drops across the IGBT 
and parasitic resistances are not as negligible as in the practical 
motor drive with rating of tens of kV. But this capacitor voltage 
ripple at very low speed is still acceptable which is much 
smaller when compared to conventional MMC. 

Fig. 11 shows the experimental waveforms of the motor 
acceleration performance. The motor accelerated from 0 rpm 
to 1460rpm within 7.2 seconds with load torque keeping 
constant. The magnitude of motor-side AC current im kept 22 A. 
The Idc was constant at 11.5 A, Udc and grid current ig increased 
with the increase of speed. It is clear from Fig. 11 that the 
dynamic waveforms were smooth with little overshoot, and the 

Motor-side MMC Grid-side MMC

speed &torque
measurements

7.5kW
induction
machine

4-quadrant
VFD

Scope

Fig. 9.  BTB MMC motor-drive platform. 
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Fig. 10.  Experimental results of grid-side MMC when operating at 50 Hz, 25 Hz, 5 Hz, 2 Hz, respectively.

TABLE III
Experiment Parameters

Induction machine parameters 
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maximum capacitor voltage ripple was limited less than 70 V 
(28% peak-to-peak) throughout the whole speed range. 

VI. Conclusion

This paper proposes a novel hybrid BTB MMC topology 
and the corresponding control method to solve the problem 
of large sub-module capacitor voltage ripple. The grid-side 
MMC is composed of FBSMs in the upper arms and HBSMs 
in the lower arms, which is controlled to provide constant DC 
current to the motor-side MMC with only HBSMs. Compared 
to previous work in which all the arms of the two MMCs 
were employing full-bridge SMs, the proposed BTB system 
remains the merit that SM capacitor voltage ripples are not 
increased under low motor speeds. Moreover, the number 
of semiconductor devices as well as the losses are reduced. 
Operating principle and control strategies for this hybrid BTB 
MMC system were discussed. The validity and effectiveness 
were confirmed by simulation and experimental results. 
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