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Abstract 

 

This paper proposes a hybrid-boost Modular Multilevel Converter (MMC) for the Medium-Voltage (MV) Variable Speed 
Drives (VSDs) employed in subsea applications, such as oil and gas recovery. In the presented architecture, a hybrid-boost MMC 
with a reduced number of semiconductor devices driving a multiphase Induction Machine (IM) is investigated. The stepped 
output voltage generated by the MMC reduces or eliminates the filtering requirements. Moreover, the boosting capability of the 
proposed architecture eliminates the need for bulky low-frequency transformers at the converter output terminals. A detailed 
illustration of the hybrid-boost MMC operation, the expected limitations/constraints, and the voltage balancing technique are 
presented. A simulation model of the proposed MV hybrid-boost MMC-based five-phase IM drive has been built to investigate 
the system performance. Finally, a downscaled prototype has been constructed for experimental verification. 
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I. INTRODUCTION 

The subsea industry comprises several operations that are 
performed at deep sites beneath the water. These operations 
include exploration, drilling, and oil and gas development. A 
number of subsea power transmission and distribution topologies, 
in addition to equipment location scenarios (onshore, offshore, 
seabed, etc.) were illustrated in [1]. In subsea applications, 
the electrical drive systems for seabed compressors and 
pumps are commonly located topside on vessels far from the 
seabed, with distances of up to 150km [2]. Commonly, these 
drive systems are operated at Medium-Voltage (MV) levels [3], 

such as ABB drive systems: ASC 1000 (4.16kV with 5MW), 
ASC 6000 (3.3kV with 27MW), and PSC 8000 (6.6kV with 
100MW). 

In these MV high-power drive systems, three main system 
components should be considered for proper design and 
operation, namely the power converter, the electric machine, 
and the transformer (with a shunt passive filter, particularly 
when considering long feeders). 

Conventionally, a drive system containing two-level inverters 
(2L-Inverter) and a three-phase Permanent Magnet Synchronous 
Motor (PMSM) or Induction Machine (IM), is used due to its 
simplicity. However, such a drive system requires: 1) a bulky 
transformer at the converter output due to the limitations or 
unavailability of high-voltage switching devices; 2) high 
switching frequency operation; and 3) a large filter at the 
converter output [4], as shown in Fig. 1(a). 

In order to optimize the technical requirements of the drive 
system such as the power density (MW/m3), specific power 
(MW/kg), and footprint (m2/MW), a transformerless and  
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(a) 

 
(b) 

Fig. 1. Conventional and proposed ac drive system structures. (a) Conventional drive. (b) Proposed hybrid-boost-based drive. 
 

filterless operation is targeted. This can be achieved through 
MV multilevel converters, which enhance the power quality, 
and reduce the dv/dt stresses and Common Mode Voltage 
(CMV). This enables the deployment of low-voltage 
semiconductor devices for higher voltage ratings. 

Diode-clamped, flying-capacitor and cascaded H-bridge 
multilevel converters all have challenges, such as the 
requirements of high numbers of diodes, capacitors and 
isolated dc sources, which decrease the system power density 
and specific power. Modular Multilevel Converters (MMCs) 
overcome the aforementioned challenges, in addition to 
enhancing power quality, scalability and reliability with fault 
ride through capability. Moreover, the attainable stepped 
output voltage results in lower harmonic content and dv/dt, 
which eliminates the need for bulky reactive components (i.e., 
filters at the converter output terminals). Nonetheless, the 
main challenge of MMCs in drive system operation is 
constant torque applications that require a rated torque at a 
wide range of speeds, including low speeds. It should be 
noted that Sub-Module (SM) capacitor voltage ripples are 
inversely proportional to the phase current frequency. The 
MMC has been thoroughly discussed for medium/high-power 
motor drive applications in [5]-[11], where several solutions 
(software-based and/or hardware-based) have been proposed 
to comply with the requirements of the zero/low-speed 
operation. On the other hand, the MMC is a suitable 
candidate for high-power fan, compressor and pump loads, 
where the torque is proportional to the square of the motor 
speed [6], [12]. A conventional MMC-based MV three-phase 
IM drive system was proposed in [13], [14] for high-power 
applications in the oil and gas industry. 

Boost MMCs add a stepping-up capability to converters at 
the cost of increasing the number of semiconductor devices. 
This assists in reducing the dc-link voltage, which is a 
challenge in MV applications during system startup, shutdown, 
and normal operation. In addition, the bulky low-frequency 
high-power transformers may be eliminated, as shown in Fig. 
1(b). 

In a boost MMC, an ac output of kVdc peak, where k is a 

positive integer and Vdc is the input dc-link voltage, can be 
generated [15]. IN this case, each arm contains (2k+1)h 
Full-Bridge Sub-Modules (FB-SMs) each rated at 0.5Vdc/h, 
where h is a positive integer. 

The voltage range of upper/lower arms is between 
(0.5-k)Vdc and (0.5+k)Vdc, which results in a (4kh+1)-level ac 
output voltage with a magnitude of (kVdc). On the other hand, 
in order to reduce the number of switching devices, a 
hybrid-boost MMC can be adopted. It contains a combination 
of 2h Half-Bridge SMs (HB-SMs) and (2k-1)h FB-SMs per 
arm, i.e., a ratio of (2k-1):2 for the number of FB-SMs to the 
number of HB-SMs can be employed, to generate an ac 
output voltage with a peak of kVdc. For example, with k=2, a 
ratio of 3:2 should be employed. Meanwhile, when k =1, a 
ratio of 1:2 is adopted. For the sake of simplicity, the 1:2 
hybrid-boost MMC is employed throughout this paper, where 
an ac output voltage peak of up to Vdc can be generated. For 
higher ac output voltages, other ratios can be adopted in a 
similar fashion. It is worth noting that operating with the 
aforementioned ratios results in missing the dc fault blocking 
capability. However, the dc fault blocking feature in drive 
systems is not as essential as it is in HVDC systems, since the 
machines do not contribute to faults in the dc-side. 

With the development of power electronics, particularly 
wide-bandgap devices, enhanced efficiency, specific power, 
and power density can be achieved with the possibility of an 
increase in cost [16]. Nevertheless, using high-voltage wide 
bandgap devices in high-power MV drive system applications 
is still in the infancy stage. However, off-the-shelf Si 
semiconductor devices are limited to 6.5kV. The higher the 
rated voltage of the semiconductor devices, the lower the 
switching capability together with corresponding higher 
losses. This highlights the double facet benefits of using 
MMCs with semiconductor devices of lower voltage ratings 
both through increasing the switching capability, hence 
enhanced power quality (i.e., reduced THD), and through 
reducing the semiconductor devices losses, hence enhanced 
efficiency. In addition, reducing the semiconductor devices 
losses affects the required heatsinks, which enhances both the 
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power density and the specific power. Moreover, reductions 
in the footprint and cost can be achieved. Increasing the 
number of cells in MMCs may affect reliability, but has the 
benefit of providing redundancy [17]. 

This paper proposes multiphase machines, which reduce the 
required voltage rating for the same power and phase current, 
when compared with three-phase based systems. This, in turn, 
reduces the insulation requirements. Moreover, multiphase 
machines enhance the reliability, fault ride through capability 
and power density, in addition to reducing torque ripples [18], 
[19]. 

In this paper, a transformerless and filterless ac drive structure 
for subsea applications is proposed as shown in Fig. 1(b). The 
proposed structure employs a hybrid-boost MMC along with 
a five-phase IM, which introduces the following merits. 

1. Reduced dc-link voltage, when compared with 
alternatives based on three-phase machines and/or 
conventional MMCs. 

2. Enhanced efficiency, when compared with alternatives 
that rely on other multilevel converter topologies. 

3. Enhanced power density and specific power, combined 
with a reduced footprint.  

4. Enhanced reliability, with fault ride through capability.  

The main contribution of this paper can be summarized as 
follows. 

1. Proposing a multiphase hybrid-boost MMC-based 
drive system for subsea applications that enables fault 
tolerant operation.  

2. The boosting capability of the proposed MMC enables 
transformer-less operation in MV drives, since the 
boosting ratio can reach up to kVdc by increasing the 
number of FB-SMs. Transformerless operation inherently 
enhances the drive system performance and reduces its 
footprint. 

 
This paper consists of six sections. Section I presents the 

introduction and main contributions. The basics of the 
conventional MMC and a MMC with boosting capability are 
presented in section II. Section III elucidates the operational 
concept and voltage balancing technique of the employed 1:2 
hybrid-boost MMC. Section IV assesses the effect of the 
motor power factor on capacitor voltage balancing. Section V 
validates the proposed AC drive structure via simulation and 
experimental results. Finally, Section VI summarizes the 
contributions of the paper. 

 

II. MMC BASICS 

A. Conventional HB-SM-Based MMC 

HB-SMs and FB-SMs are the most common SMs for MMCs. 
Conventional HB-SMs-based MMCs have no boosting 
capability since the peak of the generated ac voltage can be 
controlled to up to 50% of the input dc voltage, as shown in  

 
(a) 

 
(b) 

Fig. 2. Per-leg basic operation of a conventional MMC at a unity 
modulation index (M=1). (a) Architecture. (b) Voltage balancing. 

 

 
Fig. 3. Single-phase MMC with the H-bridge concept. 

 
Fig. 2. The per-leg operation of the conventional HB-MMC is 
shown in Fig. 2(a). The capacitor voltages of the SMs should 
be kept balanced by applying a proper voltage balancing 
technique such as Phase-Disposition (PD) or Nearest Level 
Modulation (NLM) techniques [20], [21], as shown in Fig. 2(b). 

B. MMC with Voltage Boosting Capability 

To have an output voltage peak of up to Vdc with HB-SMs, a 
MMC with two legs per phase can be used (H-bridge concept), 
as shown in Fig. 3. The voltage balancing technique should be 
independently applied to each leg as shown in Fig. 2(b). The 
number of output voltage levels in this configuration mainly 
depends on the modulation technique. For example, if the PD 
modulation technique is employed with the configuration 
shown in Fig. 3, (2N-1) voltage levels can be obtained for (N-1) 
HB-SMs per arm. The H-bridge configuration (Fig. 3) can 
generate a boosted ac output voltage. However, it requires a 
higher number of arm inductors and capacitors when compared 
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to the hybrid-boost MMC. It also corresponds to a larger 
number of semiconductor devices in the case of multiphase 
systems. 

On the other hand, the boost FB-MMC [22] allows for 
increasing the ac output voltage by 100%, when compared to 
the conventional HB-SMs-based MMC, by increasing the 
number of FB-SMs by 50% (i.e., an ac output voltage peak of 
Vdc can be generated). The main disadvantage of the boost 
FB-MMC is the large number of semiconductor devices, which 
negatively affects the system cost and losses. To reduce the 
number of employed semiconductor devices, hybrid MMCs 
have been proposed with different ratios of FB-SMs and HB- 
SMs per arm, where 1:1 and 2:1 ratios have been presented in 
[15] and [23], respectively. 

The 1:1 hybrid MMC has no boosting capability. On the 
other hand, the 2:1 hybrid MMC [15] can be considered as a 
proper replacement for the boost FB-MMC since it maintains 
both boosting and dc fault blocking capability with a lower 
number of semiconductor devices. As a further reduction for 
the employed semiconductor devices, while maintaining the 
boosting capability, a 1:2 hybrid-boost MMC with a combination 
of FB-SMs and HB-SMs with a ratio of 1:2 per arm has been 
proposed in [24]. The total number of SMs per arm in the 1:2 
hybrid-boost MMC is 3(N-1)/4, where N is the number of 
output voltage levels. In this case, the SMs are rated at 
2Vdc/(N-1). The 1:2 hybrid-boost MMC can increase the 
utilization of the dc input voltage by 100%, i.e., the peak of 
the ac output voltage can be controlled up to Vdc (i.e., 
boosting capability). 

The main drawback of the 1:2 hybrid-boost MMC 
configuration is that it has no dc fault blocking capability. 
However, this is a less significant feature in ac motor drives 
when compared with HVDC systems. 

Generally, in order to generate higher ac output voltages 
(up to kVdc), a hybrid-boost MMC, which contains a combination 
of 2h HB-SMs and (2k-1)h FB-SMs per arm each rated at 
0.5Vdc/h, can be employed [25]. In this paper, a 1:2 hybrid- 
boost MMC is considered for the sake of simplicity (i.e., k=1). 
The same concept can be applied for higher ac output voltages 
(i.e., k>1). However, it uses other ratios according to the 
aforementioned rule. 

 

III. OPERATIONAL CONCEPTS OF THE 1:2 

HYBRID-BOOST MMC 

A. Architecture 

Unlike HB-SMs, FB-SMs are able to generate a negative 
voltage as shown in Fig. 4. The 1:2 hybrid-boost MMC (i.e. 
k=1) is shown in Fig. 5. Each arm of the N-level hybrid-boost 
MMC consists of (N-1)/2 HB-SMs and (N-1)/4 FB-SMs, 
where N=4h+1. The capacitors for all of the SMs are 
pre-charged to a 0.5Vdc/h voltage level. 

In the 1:2 hybrid-boost MMC, the arm voltage is controlled  

     
(a) (b) 

Fig. 4. Output voltage states. (a) HB-SM. (b) FB-SM. 
 

 
Fig. 5. One-phase of the 1:2 hybrid-boost MMC. 

 
to generate a bipolar voltage ranging from -0.5Vdc to +1.5Vdc 
(at the highest possible output) as shown in Fig. 5. This in 
turn, enables controlling the peak of the generated ac voltage 
up to Vdc. During the generation of the positive part of the 
arm voltage, both HB-SMs and FB-SMs are used. 

The decision of which of these SMs should be activated is 
the responsibility of the voltage balancing algorithm, which is 
described in the next section. On the other hand, during the 
generation of the negative part of the arm voltage, only FB- 
SMs are used to generate negative SM voltage. Meanwhile, 
based on the arm current direction and the arm voltage level, 
a certain number of these FB-SMs is activated. 

B. Voltage Balancing Technique 

A sensor-based per-leg voltage balancing technique for the 
hybrid-boost MMC is shown in Fig. 6. A sensorless balancing 
technique was proposed in [26]. The procedures of the voltage 
balancing technique for each leg of the 1:2 hybrid-boost MMC 
are summarized in the following points. 

 The reference of the upper arm voltage should be 
defined so that it is equal to Vdc [0.5-α sin (ωt+θv)], 
where α ranges from 0 < α < 1, ω is the angular frequency 
(rad/s), and θv is the phase angle of the ac component of 
the arm voltage. 

 The aforementioned voltage reference is added to a dc 
offset of 0.5Vdc to generate a unipolar reference voltage 
(Vx). 
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Fig. 6. Per-leg voltage balancing technique of the 1:2 hybrid-boost MMC architecture. 

 

          
(a) (b) 

          
(c) (d) 

Fig. 7. Illustrations of the voltage balancing procedures. (a) The signal Nx. (b) The signals x and y. (c) The number of SMs involved in 
the upper and lower arms. (d) The signals sign(x) and sign(y). 

 
 The obtained unipolar reference voltage (Vx) is used to 

generate a signal, namely Nx, using a carrier-based pulse 
width modulation technique such as PD shown as in Fig. 
7(a), where α = 1, θv = 0, switching frequency = 2 kHz, 
N = 9, and Nx ranges from 0 to (N-1). 

 Then the signal (Nx) can be used to extract two new 
variables (x and y) as shown in Fig. 7(b), where x = Nx - 
0.25(N-1), while y = 0.75(N-1) - Nx.  

 The absolute values of x and y represent the number of 
SMs to be activated in the upper and lower arms namely, 

Nupper and Nlower as shown in Fig. 7(c). The signs of x and 
y represent the output voltage signs of the activated SMs 
in upper and lower arms, as shown in Fig. 7(d). 

 For a positive x, both HB-SMs and FB-SMs in the upper 
arm are used to generate the positive part of the upper 
arm voltage, i.e., the highest/lowest Nupper(+) (= x) SMs 
will be selected, if the upper arm current is negative/ 
positive, respectively. 

 For a negative x, only FB-SMs in the upper arm are used 
to generate the negative part of the upper arm voltage, 
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i.e., the highest/lowest Nupper(-) (= |x|) FB-SMs will be 
selected, if the upper arm current is positive/negative, 
respectively. 

 For a positive y, both HB-SMs and FB-SMs in the lower 
arm are used to generate the positive part of the lower 
arm voltage, i.e., the highest/lowest Nlower(+) (= y) SMs 
will be selected, if the upper arm current is negative/ 
positive, respectively.  

 For a negative y, only FB-SMs in the lower arm are used 
to generate the negative part of the lower arm voltage. 
i.e., the highest/lowest Nlower(-) (= |y|) FB-SMs will be 
selected, if the lower arm current is positive/negative, 
respectively. 

 

IV. EFFECT OF THE FIVE-PHASE MOTOR POWER 

FACTOR ON CAPACITOR VOLTAGES  
BALANCING 

Assuming an ideal five-phase converter, the average 
dc-side and ac-side powers in the proposed approach are 
given by Pdc=Idc Vdc and Pac= 5 Im Vm cos(ɸ)/2, where Vdc is 
the input dc voltage, Idc is the average of the input dc current, 
and Im and Vm are the peak of the load phase current and 
voltage, respectively. Meanwhile, cos (ɸ) is the motor power 
factor, and the voltage of phase “A” is vph(t) = Vm sin(ωt). By 
equating the two powers and substituting with Vm=Vdc (i.e., 
assuming the highest output voltage in the proposed 
structure), the average of the input dc current can be expressed 
by: 

Idc = 2.5 Im cos(ɸ) (1)
 

The following analysis is presented for the upper arm. 
Similar procedures can be applied to the lower arm. If the 
circulating currents are well-suppressed, the upper arm current 
of phase “A” can be expressed by: 

iarm upper (t)= 0.5 iph(t)+0.2 Idc (2)

Substituting (1) into (2) yields: 

iarm upper (t)=0.5 Im [cos ɸ + sin(ωt- ɸ)] (3)

The corresponding upper arm voltage reference of phase 
“A” can be expressed by: 

varm upper (t)=0.5Vdc-Vm sin (ωt) (4)
 

which ranges from -0.5Vdc to +1.5Vdc. When -0.5Vdc < varm upper 

(t) < 0, FB-SMs are only operated to generate the negative 
output voltage state. Meanwhile, the arm current direction 
determines the charging/discharging of the FB-SMs capacitors 
for the negative or positive upper arm currents, respectively. 
Furthermore, when 0 < varm upper (t) < 1.5Vdc, adequate SMs 
from HB-SMs and/or FB-SMs are operated based on the 
balancing algorithm to generate the positive output state. 

 
(a) 

 
(b) 

 
(c) 

Fig. 8. Illustrations of the effect of the load power factor on the 
charging and discharging periods of SMs capacitors. (a) ϕ=45o. 
(b) ϕ=60o. (c) ϕ=90o. 

 
Similarly, the arm current direction determines the charging/ 
discharging of the HB-SMs and/or FB-SMs capacitors. 
Variations of the upper arm current and voltage during a 
complete fundamental cycle for different load power factors, 
along with an illustration of the charging and discharging 
periods of FB-SMs and HB-SMs with the operation are 
shown in Fig. 8. It is clear that as the load angle increases, the 
area of the negative upper arm current increases, which 
increases the possible time for discharging HB-SMs. In case 
of a low negative upper arm current area, the discharging  
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Fig. 9. 1:2 hybrid-boost MMC-based multiphase IM drive system, where u and l refer to the upper and lower arms, respectively. 

 

 
Fig. 10. Block diagram of the V/f control, where ωr is the motor speed, ωs is the flux synchronous speed, and Vs1 is the fundamental 
component of the stator voltage. 

 
time interval for HB-SMs is insufficient, which results in a 
mismatch in the voltages of the FB-SMs and HB-SMs. 

 

V. PERFORMANCE OF THE 1:2 HYBRID-BOOST 

MMC-BASED MEDIUM-VOLTAGE FIVE-PHASE 

INDUCTION MOTOR DRIVE 

In MV applications, such as subsea oil and gas recovery, 
MMCs, such as high-power converters, have a good potential 
to be deployed in pump applications, particularly with the 
advantageous torque-speed characteristics of the pump loads 
in terms of the MMC operation. The configuration of the 
proposed drive system is shown in Fig. 9. Referring to Fig. 5 
in the presented case study, a five-level five-phase 1:2 hybrid- 
boost MMC with (N=5, k=1 and h=1) is used to feed a 
five-phase IM. 

In the presented case study, the employed five-phase 
hybrid-boost MMC contains 80 switching devices distributed 
as 4 HB-SMs and 2 FB-SMs per phase (upper and lower 
arms). The voltage balancing technique, in Section III. B, is 
utilized for each leg of the converters to ensure successful 
operation with balanced capacitors voltages. Meanwhile, the 
five-phase IM fosters system reliability and fault tolerance. 

In the following subsections, simulation and experimental 
results are presented, where a simulation model of a 1:2 
hybrid-boost MMC-based MV multiphase drive is built to 
test the converter performance. Meanwhile a scaled-down 1:2 
hybrid-boost MMC is implemented for experimental validation. 

A. System Simulation 

In this section, the drive system performance during steady- 
state operation is investigated using MATLAB/Simulink. V/f 
scalar control, shown in Fig. 10, is used to drive the machine 
at the rated operating conditions. A simulation model for a 
1:2 hybrid-boost MMC-based MV drive with a 1000 hp 
five-phase distributed winding IM has been built with the 
parameters shown in Table I. 

The model equations of a five-phase IM can be found in [27]. 
Based on the data shown in Table I, to generate the IM rated 
phase voltage (peak=3.394 kV) from the 1:2 hybrid-boost 
MMC, a dc-link voltage of 3.4 kV is employed. The machine 
is started under no-load at t = 0. Then a load torque is applied 
at t = 1s. The simulation results are shown in Fig. 11, assuming 
a 2 kHz carrier switching frequency. The machine planes are 
mapped into two main orthogonal frames (the α-β frame and 
the x-y frame) in addition to the zero-sequence frame. The α-β   
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(a) (b) (c) 

     
(d) (e) (f) 

Fig. 11. Simulation results under steady-state operation. (a) MMC output phase-to-midpoint voltages. (b) Capacitor voltages. (c) 
Machine phase currents. (d) Fundamental αβ currents. (e) Machine torque. (f) Machine speed. 

 

      
(a) 

      
(b) 

      
(c) 

Fig. 12. Effect of the carrier frequency on the stator currents and the delivered torque ripples (per-unit values). (a) fs=10 kHz. (b) fs=2 
kHz. (c) fs=1 kHz. 
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TABLE I 
SIMULATION PARAMETERS 

DC-link voltage (kV) 3.4 IM rated torque (N.m) 4000 

IM rated phase voltage 
(kV) 

2.4 IM stator resistance (Ω) 0.5148

IM rated power (Hp) 1000 
IM stator leakage 
reactance (Ω) 

3.33 

Fundamental 
frequency (Hz) 

50 
IM rotor referred 
resistance(Ω) 

0.4116

No. of poles 4 
IM rotor referred 
reactance (Ω) 

2.7 

FB-/HB-SM’s 
capacitor (mF) 

1 
Magnetizing reactance 
(Ω) 

163 

 
frame represents the electromechanical energy conversion, 
while the x-y frame represents the harmonics/losses plane. 

Fig. 11(a) shows the delivered phase-to-midpoint voltages, 
which have a peak value equal to the input dc voltage (Vdc). 
With N = 5, i.e. h=1, in the simulated 1:2 hybrid-boost MMC, 
the output voltage consists of five different voltage levels (-1, 
-0.5, 0, 0.5 and 1) Vdc. Fig. 11(b) shows that the capacitor 
voltages are balanced at around 0.5Vdc (generally, 2Vdc/(N-1) 
as in Fig. 5). The difference between the FB-SMs and HB- 
SMs voltages is caused by the unequal charging/discharging 
times of both modules depending on the load power factor, as 
illustrated in section IV and Fig. 8. The stator phase currents 
are balanced and identical as shown in Fig. 11(c). In addition, 
isα and isβ, which are responsible for torque production, are 
shown in Fig. 11(d). The output torque is shown in Fig. 11(e), 
which exhibits a percentage torque ripple of only 2.25% at 
a relatively low switching frequency. Fig. 11(f) shows the 
machine speed. Even though the MMC eases the low switching 
frequency operation, the torque ripples remain a concern for 
drive systems. 

Fig. 12 shows a torque ripple profile at different switching 
frequencies to conclude a range for the minimum permissible 
operating switching frequency that yields an acceptable 
percentage of torque ripple. The output torque ripple 
magnitude changes by changing the frequency of the carrier 
responsible for assigning the number of required upper and 
lower SMs. 

Fig. 12 shows the output phase currents, current components 
and the corresponding delivered torque at different switching 
frequencies. With a carrier frequency of 10 kHz, the output 
current has the lowest harmonics with the lowest isx and isy 

components and torque ripples being barely 1%. For a carrier 
frequency of 2 kHz, the ripples in the isα and isβ components 
increase to 1.7%, which affects the torque. 
However, the torque ripples are still acceptable at 2.25%. 
When the carrier frequency is dropped to 1 kHz, the stator 
currents are more distorted, as shown in Fig. 11(c), which can 
be deduced from the isx and isy components. The current THD 
is increased to 8.3%. However, the torque ripples are just 3% 
due to the lower presence of harmonics in the torque producing 
components isα and isβ. The THD currents and torque ripples  

TABLE II 
TORQUE RIPPLES AND THDS WITH SWITCHING FREQUENCY 

CHANGES 

 
fs= 0.5 
kHz 

fs=1 
kHz 

fs=2 
kHz 

fs=10 
kHz 

Torque ripples % 14.6 3 2.25 0.4 

THD phase 
currents % 

17.68 7.6 2.4 0.8 

THD αβ currents % 10.7 3.4 1.7 0.37 

 

TABLE III 
EXPERIMENTAL SETUP PARAMETERS 

SM’s capacitor 
voltage rating (V) 

350 
DC-link applied 
voltage (V) 

200 

FB-/HB-SM’s 
capacitor (F) 

470 
IGBT IKW75N60T 
rating  

30A/1200V 

Arm inductor 
(mH) 

0.5 
Switching 
frequency (Hz) 

1000 

 

 
Fig. 13. Generated ripples in the output torque of the hybrid- 
boost MMC vs. a conventional 2-Level inverter with changes in 
the switching frequency. 

 
at different switching frequencies are summarized in Table II. 
It is worth noting that the torque ripples are significantly less 
than the ripples when the simulation was performed using a 
conventional five-phase two-level converter, as shown in Fig. 13. 

B. Experimental Validation 

A downscaled experimental single-phase prototype was 
built to validate the proposed topology. For the sake of 
simplicity, a single-phase 5-level 1:2 hybrid-boost MMC was 
applied to a single-phase inductive load with a low inductance 
value, since the experiment was performed under the worst- 
case scenario for capacitor voltage balancing of approximately 
a unity power factor. 

Fig. 14(a) shows a schematic diagram of the experimental 
rig, where the capacitor voltages and arms currents are 
measured and then fed to a Digital Signal Processor (DSP) to 
perform the aforementioned suggested voltage balancing 
technique (Fig. 6) for the given output voltage reference. Fig. 
14(b) shows the implemented experimental rig. Table III 
shows the experimental setup specifications. 
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(a) (b) 

Fig. 14. Experimental validation. (a) Schematic diagram. (b) Experimental rig. 
 

 

         
(a) (b) 

         
(c) (d) 

Fig. 15. Experimental results. (a) Output and upper arm voltages. (b) Output voltage and current with load changes. (c) Capacitor 
voltage of HB1. (d) Capacitor voltage of HB2 at two different loading conditions RL1=290Ω and RL2=155Ω. 

 

The obtained experimental results are shown in Fig. 15 
where the PD technique is used to generate the number of 
SMs to be included in each arm. As shown in Fig. 15(a), the 
1:2 hybrid-boost MMC delivers an output voltage of 5-levels 
with a peak value that is approximately equal to the dc-link 
input, with a voltage drop due to the on-state resistance/voltage 
of the applied IGBTs. The upper arm voltage is shown in Fig. 

15(a). It is clear that it consists of four levels of five different 
voltage levels (-0.5, 0, 0.5, 1, 1.5) Vdc. The output voltage and 
current, when the load is changed from RL1=290Ω to open 
circuit to RL2=155Ω, is shown in Fig. 15(b). The current 
magnitude at a 290Ω load is approximately 0.6 A, while it is 
equal to 1.1 A at 155Ω. 
The capacitor voltages of two different HBs, namely HB1 and 
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HB2, are shown in Figs. 15(c) and 15(d) with the loading 
changed from RL1 to RL2, respectively. The capacitor voltages 
are balanced in both cases and fluctuate around 0.5Vdc. The 
obtained experimental results support the proposed topology 
where an MMC with boosting capability is validated with a 
reduced number of FBs. 

 

VI. CONCLUSION 

This paper introduced a VSD system based on a hybrid- 
boost MMC accompanied with a 5-phase IM as an alternative 
to the bulky drive systems used in MV subsea applications. 
Generally, a stepped ac output voltage with a peak of up to 
kVdc, where k > 1, can be obtained at the output terminals of 
the (2k-1):2 hybrid-boost MMC with a reduced number of 
semiconductor devices when compared to existing boost MMC 
configurations. Having a boosting capability results in 
eliminating the bulky low-frequency step-up transformer. In 
the presented case study, a hybrid-boost MMC, which 
contains a combination of FB-SMs and HB-SMs with a ratio 
of 1:2, is employed. The hybrid-boost MMC is able to deliver 
an ac output voltage magnitude that is twice the voltage of 
other medium-voltage MV converters including the conventional 
MMC (i.e., k=1). The high output quality also eliminates the 
need for the filtering stage at the output side. In addition, the 
multiphase machine enhances the drive system fault tolerance 
capability and reduces the torque ripple at a relatively low 
switching frequency, which are critical needs for MV 
applications. The presented drive system exhibited a good 
performance with low current THD and torque ripples at a 
relatively low switching frequency of 2 kHz. The SMs 
capacitors were balanced with the presented voltage balancing 
technique. The proposed system was investigated in simulation 
using MATLAB/Simulink. Then the performance of the 1:2 
hybrid-boost MMC was experimentally tested on a downscaled 
prototype. The obtained experimental results combined with 
the simulation study demonstrate the good potential for the 
converter. 
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