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Abstract— Modular multilevel converters (MMCs) require 
well-balanced submodule (SM) capacitor voltages at the reference 
value for satisfactory steady-state and dynamic operations. 
Achieving this goal in hybrid MMCs, where the modulation index 
exceeds one, becomes intricate owing to the differing participation 
of half-bridge SMs (HB-SMs) and full-bridge SMs (FB-SMs) in 
arm voltage generation. This paper proposes an advanced voltage 
balancing method based on enhanced phase-shift modulation and 
model predictive control, featuring a single comprehensive cost 
function that utilizes a novel form of redundancy to manage the 
insertion of HB- and FB-SMs in a wide range of modulation 
indices. The designed cost function addresses four key control 
objectives: inter-cell balancing by tracking the DC voltage 
reference, minimizing the energy deviation between the HB- and 
FB-SMs, inter-leg balancing to eliminate energy variations 
between the upper and lower arms, and rejecting voltage errors 
arising from uncertainties in the SM capacitance using a Kalman 
filter (KF)-based observer. This method enables comprehensive 
capacitor voltage balancing, which is suitable for various 
modulation indices and power factors. The validity of the proposed 
method is substantiated through simulations using 
MATLAB/SIMULINK software and experiments conducted on a 
scaled-down hardware prototype. 

Index Terms—Capacitor voltage balancing, hybrid modular 
multilevel converters, model predictive control, overmodulation 
circumstances. 

I. INTRODUCTION 

odular multilevel converters have become 
increasingly popular over the past decade due to their 
remarkable advantages, including high efficiency, 

scalability, modularity, high quality output voltage, excellent 
output quantization, and elimination of bulky filters and shift 
transformers [1], [2]. Therefore, the use of MMC is rapidly 
growing across a wide range of high-power applications, such 
as high-voltage direct-current systems (HVDC), microgrids, 
static synchronous compensators (STATCOM), and medium 
voltage drives [3-6]. Each application has challenges, especially 
concerning DC fault-handling, which is especially important in 
multiterminal HVDC transmission networks and overhead line 
transmission, where DC short-circuit faults are prevalent [7]. 
The conventional MMC structure lacks inherent fault clearance 
capability owing to the limited capacity of HB-SMs to generate 
negative voltages [8]. 

Typical methods for isolating DC faults recommend circuit 
breakers (ac or DC) and bypass cells with thyristors. However, 
both approaches are time-consuming and costly [9-11]. One 
straightforward solution to achieve inherent fault-handling 
capability is to replace all HB-SMs with FB-SMs. Nevertheless, 

this strategy doubles the number of active switches, escalating 
power dissipation and posing manufacturing expenses [12]. 

Alternatively, the hybrid MMC combines HB- and FB-SMs 
to attain a promising compromise between power losses, cost 
issues, and handling DC faults [10-12]. An intriguing point 
regarding hybrid MMCs is that the inclusion of FB-SMs within 
the arms introduces a novel aspect of flexibility by enabling the 
generation of negative voltage levels. This attribute permits the 
ac output voltage to exceed half the DC-link voltage. 
Consequently, accommodating modulation indices beyond 
unity (the overmodulation capability) becomes feasible. Hybrid 
MMCs equipped with this overmodulation capability yield 
remarkable benefits, which are briefly outlined as follows: 

1.  DC fault handling capability: 
Hybrid MMCs composed of mixed HB- and FB-SMs can be a 
trade-off between DC fault protection, cost, and conduction 
losses [13], [14]. During fault instant, the utilized FB-SMs can 
insert a negative voltage to limit the energy fed to the faulty 
point. 

2. Enhanced operation under DC link variations: 
The hybrid MMC exhibits resilience in the face of challenges 
such as extreme weather, insulator failure, and de-icing, which 
can decrease the DC voltage on the HVDC side [15], [16]. The 
hybrid MMC maintains a constant ac voltage despite reducing 
the DC input by utilizing its overmodulation capability. 

3. Increased power transmission capability: 
Hybrid MMCs enhance the power rating during bidirectional 
AC–DC conversion. Authors in [17] show that at 𝑀 = √2, the 
maximum active power is transferred. In addition, hybrid 
MMCs offer an output voltage of higher quality owing to the 
extra negative voltage level generated by FB-SMs [10], [11]. 

Despite the abovementioned merits, under overmodulation 
conditions, the voltage imbalanced issue emerges because HB- 
and FB-SMs hold unequal charging and discharging properties, 
resulting in unstable capacitor voltage. More specifically, FB-
SMs can be energized and de-energized irrespective of the 
current direction of the arms. Conversely, HB-SMs accept only 
positive and negative arm currents. Because the negative arm 
current remains available for a shorter time as the modulation 
index increases, the discharge of HB-SMs is constrained [10-
16]. 

Several studies in the literature have been presented to 
address the voltage imbalance issue in hybrid MMCs. In [12], a 
simple solution is suggested: increasing the insertion index of 
FB-SMs to compensate for the voltage deviation among HB and 
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FB-SMs. Such methods increase power dissipation and 
highlight the cost issue. In a different genre, the voltage 
imbalanced issue in MMCs is tackled with a self-balancing 
branch structure [18]. Scholars in [19] introduce a power circuit 
to remove voltage imbalances autonomously in hybrid MMCs. 
Despite well-satisfied balancing and mitigating power losses, it 
supplements the component counts and complicates the circuit 
design by considering additional power components. The 
remaining strategies in the literature can be divided into two 
main categories. The first prioritizes active SMs based on 
adjunct analysis to adapt the capacitor voltage sorting 
algorithm. A sorting and balancing algorithm suitable for 
overmodulation conditions is presented in [20], which increases 
the power transmission capability by reducing the HB-SMs 
switching frequency. According to [10], an energy-based 
modification approach eliminates cell energy variations by 
combining the sorting algorithm with energy analysis. 
Although reactive power ensures sufficient charging or 
discharging interval for the HB-SMs, it increases the amplitude 
of arm and phase currents, causing higher losses. Generally, 
methods based on voltage sorting algorithms are subject to 
increased frequency of switching power devices [21], [22]. 

The second category concentrates on energy analysis to 
calculate the appropriate magnitude and phase angle of the 
circulating current. Balanced capacitor voltages with reduced 
ripples are obtained by injecting the determined circulating 
current into the converter. While [23] and [24] employ the 
circulating current with fundamental frequency, the authors in 
[11] and [25] do the same with a second-order frequency. Some 
other references, such as [26], also use third-order frequency to 
minimize energy fluctuations in SMs. The precise calculation 
of the reference value for the circulating current is a challenging 
task, as any uncertainty in this determination could potentially 
compromise the operational performance of the hybrid MMC, 
particularly if the injected circulating current falls short of 
meeting the voltage balancing requirements. 

Further investigation is imperative to address the voltage 
imbalance issue in hybrid MMC to exploit FB-SMs efficiently. 
Therefore, this study aims to develop an inclusive voltage 
balancing control scheme that enhances converter performance 
characteristics in steady-state and transitional conditions. The 
proposed control method uses a new form of redundancy in a 
model predictive control (MPC) scheme to adjust the insertion 
of HB- and FB-SMs. A single cost function is developed 
covering different aspects of voltage balancing in the hybrid 
MMC: inter-cell voltage balancing, minimizing voltage 
fluctuations of HB- and FB-SMs, inter-leg balancing, and 
robustness to uncertainties in SM capacitance. The last term is 
achieved by employing a KF observer, which estimates the 
error caused by the mentioned uncertainties. 

The proposed method outperforms the existing approaches by 
ensuring reliable capacitor voltage balancing while minimizing 
tracking errors and voltage ripples across a broad spectrum of 
extended operational regions. The proposed control strategy 
utilizes a new form of redundancy for better voltage balancing 
without sorting algorithms, PI regulators, or circulating current 
injections. Additionally, the proposed control approach exhibits 
resilience in the presence of changes in the SM capacitance. The 
contributions of this study are summarized as follows. 

1. Using a hybrid combination of enhanced phase-shift 
modulation and MPC to achieve an energy balance 
between each arm's HB and FB submodules, the energy 
balance between the upper and lower arms (i.e., vertical 
energy balance), and different phases (i.e., horizontal 
energy balance). 

2. Achieving high-performance voltage balancing with low 
reference tracing errors and ripples across an extensive 
working region under overmodulation conditions. 

3. Improving converter performance by introducing a novel 
form of redundancy and designing for robustness against 
uncertainties in module capacitance. 

The remainder of the paper is organized as follows. Section II 
discusses the fundamental equations of hybrid MMC and 
introduces the new type of redundancy. Section III explains the 
proposed control scheme, covering topics such as the developed 
cost function for the MPC and the design of an observer for 
disturbance rejection. Sections IV and V present the simulation 
and experimental results, respectively, and Section VI 
concludes the paper. 

II. THE PRINCIPLE OF OPERATION AND NEW REDUNDANCIES 

A. Configuration and equations 

Figure 1 illustrates the three-phase hybrid MMC 
configuration. 𝐿௔௥௠  and 𝑅௔௥௠  denote the inductance and 
resistance of the arms, respectively. In addition, there are 𝑁 
SMs in each arm, out of which 𝐹 is the number of FB types and 
the remainder are HB. The HB- and FB-SMs capacitances are 
considered the same, denoted by 𝐶. 𝑉ௗ௖ stands for the voltage 
of the DC link. Furthermore, 𝑣௣ and 𝑖௣are output voltage and 
current, respectively, where 𝑝 ∈ {𝑎,𝑏,𝑐}. 

Regarding the analytical study of the hybrid MMC [4], the 
upper and lower arm voltages for phase 𝑎 can be expressed as 

 ൝
𝑣௨௔ =

௏೏೎

ଶ
(1 − 𝑀𝑠𝑖𝑛𝜔𝑡)

𝑣௟௔ =
௏೏೎

ଶ
(1 + 𝑀𝑠𝑖𝑛𝜔𝑡)

 (1) 

where 𝑀  is the modulation index, and 𝜔  is the fundamental 
angular frequency. Since the voltage drop due to the arm 
resistance and inductance is insignificant, the output voltage in 
phase-a can be expressed as 

 𝑣௢ =
௩೗ೌି௩ೠೌ

ଶ
=

ெ௏೏೎

ଶ
𝑠𝑖𝑛𝜔𝑡 = 𝑣௠௔𝑠𝑖𝑛𝜔𝑡 (2) 

where 𝑣௠௔  is the output voltage amplitude. Furthermore, the 
upper and lower arm currents are 

 ቐ
𝑖௨௔ = 𝑖௖௜௥௔ +

௜ೌ

ଶ

𝑖௟௔ = 𝑖௖௜௥௔ −
௜ೌ

ଶ

 (3) 

where 𝑖௔ is the ac output current which is obtained as 
 𝑖௔ = 𝑖௠௔𝑠𝑖𝑛 (𝜔𝑡 − 𝜑) (4) 
where 𝑖௠௔ denotes the current amplitude, and 𝜑 is the phase 
angle of the load. Additionally, 𝑖௖௜௥௔ is the circulating current 
and formulated as 

 𝑖௖௜௥௔ =
ூ೏೎

ଷ
+ 𝑖௖௜௥௔

(௔௖) (5) 

involving DC and ac components. Furthermore, the converter 
input and output powers are 

 ቊ
𝑃௢௨௧ =

ଷ

ଶ
𝑣௠௔𝑖௠௔𝑐𝑜𝑠𝜑

𝑃௜௡ = 𝑉ௗ௖𝐼ௗ௖                  
 (6) 



 

 
Fig. 1. Three-phase H-MMC Configuration. 

which can be assumed to be equal by ignoring the power losses. 
From (6) and (2), the DC link current is derived as 

 𝐼ௗ௖ =
ଷ

ସ
𝑀𝑖௠௔𝑐𝑜𝑠𝜑. (7) 

By inserting (4), (5), and (7) into (3) and neglecting the ac 
term of circulating currents, the arm currents are calculated per 

 ൝
𝑖௨௔ =

ଵ

ସ
𝑀𝑖௠௔𝑐𝑜𝑠𝜑 +

ଵ

ଶ
 𝑖௠௔sin (𝜔𝑡 − 𝜑)

𝑖௟௔ =
ଵ

ସ
𝑀𝑖௠௔𝑐𝑜𝑠𝜑 −

ଵ

ଶ
 𝑖௠௔sin (𝜔𝑡 − 𝜑)

. (8) 

The negative section of the arm currents narrows upon 
increasing the modulation index. Similarly, as the power factor 
increases, the period during which the arm currents are positive 
is expanded. Hence, the most demanding balancing conditions 
emerge when modulation indices and power factors approach 
one. 

B.Extended Operation Region 

The proportion of FB-SMs to the total SMs in each arm 
defines the hybrid ratio as a determining factor of the 
correlation between the DC input and ac output, that is  

 ℎ =
ி

ே
 . (9) 

The maximum and minimum values of the upper arm voltage 
are formulated as 

 ൜
𝑣௨/௟,௠௔௫ = 𝑁𝑉௖

   𝑣௨/௟,௠௜௡ = −𝐹𝑉௖
 (10) 

where 𝑉௖  is the capacitor voltage of SM. The upper arm voltage 
reaches the highest level when all SMs generate a positive 
output voltage. In contrast, its minimum value happens when 
all FB-SMs engage in generating the arm voltage with negative 
output. Since the arm voltages vary between −𝐹𝑉௖  and 𝑁𝑉௖, the 
DC term of arm voltages in (1) should follow the average value 
of these two limits, i.e.,  

 
௏೏೎

ଶ
=

(ேିி)௏೎

ଶ
. (11) 

This means that 𝑉௖ = 𝑉ௗ௖/(𝑁 − 𝐹). Now by inserting 𝑉௖  into 
(10), and considering the extreme values of arm voltages in (1), 
the maximum modulation index is obtained in terms of ℎ as 

𝑀௠௔௫ =
ேାி

ேିி
=  

ଵା௛

ଵି௛
.                            (12) 

TABLE I 
ADDITIONAL SWITCHING STATES OF HYBRID MMC FOR TWO 

HYBRID RATIO 
 

𝑳 𝒉 𝑺𝒖𝟏
𝒉𝒃 𝑺𝒖𝟐

𝒉𝒃 𝑺𝒖𝟑
𝒉𝒃 𝑺𝒖𝟏

𝒇𝒃  

0 

0.25 
1 0 0 -1 
0 1 0 -1 
0 0 1 -1 

0.5 

1 0 -1 0 
0 1 -1 0 
0 0 -1 1 
1 0 0 -1 
0 1 0 -1 
0 0 1 -1 
1 1 -1 -1 

1 

0.25 
1 1 0 -1 
1 0 1 -1 
0 1 1 -1 

0.5 

1 1 -1 0 
1 0 -1 1 
0 1 -1 1 
1 0 1 -1 
1 1 0 -1 
0 1 1 -1 

2 
0.25 1 1 1 -1 

0.5 
1 1 -1 1 
1 1 1 -1 

-1,3,4 0.25,0.5 - 

Fault-tolerance requirements determine the hybrid ratio “h”; 
however, its increment contradicts the primary purpose of 
mixing HB-SMs with FB-SMs because the higher the ratio, the 
more FB-SMs are in the arms. The benefits of hybrid MMC 
fading depend on increased power losses and component counts 
caused by a large number of FB-SMs. 

C. Redundancies 

In hybrid MMCs, if the modulation index is less than one, the 
FB-SMs operate identically to the HB-SMs. The number of 
switching states in this scenario is 
 𝑆௧௢௧௔௟ = ∑ ൫ே

௅
൯ே

௅ୀ଴  (13) 
where 𝑁 is the total number of SMs in the arms, and 𝐿 is the 
desired voltage level. Including FB-SMs enables freedom in 
generating negative voltage in the arms. In this study, this extra 
option is employed to create a new form of redundancy for 
yielding voltage levels from −𝐹 to 𝑁. The sum of the 
augmented redundancies by taking this approach is calculated 
as 

 𝑆∗
(௅,௤) = ൝

∑ ൫ேିி
௅ାி

൯,                       𝐹 = 𝑞ே
௅ୀ଴

∑ ∑ ቀேି௤
௅ା௤

ቁிିଵ
௤ୀଵ ቀி

௤
ቁ    𝐹 ≠ 𝑞ே

௅ୀ଴

 (14) 

where 𝑞 is the number of inserted FB-SMs. For cases that the 
𝑆∗

(௅,௤) is undefined, there is no available options offered by 
the new form of redundancy. Otherwise, the calculated 
number from (14) gives the number of additional switching 
states to generate a specific voltage level. As a simple 
example, in an HB-MMC with 𝑁 = 4, merely one selection is 
possible for having 𝐿 = 0 in the arms, bypassing all cells, 
whereas, in a hybrid MMC with 𝑁 = 4 and ℎ = 0.25, the same 
voltage level can be generated by inserting an FB-SM with 
negative output and one of the three HB-SMs with a positive 
voltage. In both cases, the generated voltage levels are the same. 
Iterating this process clarifies the array of alternative switching  



 

 
Fig. 2. Proposed Voltage Balancing Control Scheme Overview. 

states for different voltage levels. This, in turn, enhances the 
efficiency of the charge and discharge cycles, enabling FB-SMs 
to cover the full arm voltage range. Table I compares the 
redundancies of the two designs for 𝑁 = 4. The switching state 
of the 𝑖௧௛ HB- and FB-SM in the upper arm is denoted by 𝑆௨௜

௛௕ 
and 𝑆௨௜

௙௕, respectively. 

III. PROPOSED MODEL-PREDICTIVE CONTROL SCHEME 

Some classical control methods employ PI controllers for 
MMCs, which can be challenging for multiple PI control loops, 
particularly when multi-objective regulation is required. When 
applied to hybrid MMCs, they may not provide fast and 
accurate control during transients or lose stability in over-
modulation regions. Because of these limitations, researchers 
have investigated modern control methods. Model predictive 
control (MPC) has become popular for MMCs owing to its ease 
of implementation, ability to control multiple objectives, fast 
dynamic response, and the capacity to handle nonlinearities and 
constraints. MPC is especially suitable for MIMO systems, 
such as MMC, compared to conventional methods [27], [28]. 
Furthermore, operating under overmodulation brings the 
converter closer to unstable performance. To avoid these 
difficulties, we developed a method based on Enhanced Phase-
Shift Pulse-Width Modulation (EPS-PWM) and Direct MPC 
(DMPC) to achieve better and more stable performance in over-
modulation conditions. 

The DMPC approach optimizes a cost function that 
facilitates the attainment of all control objectives. In contrast, 
the Indirect MPC (IMPC) technique separates the control of the 
SM capacitor voltages from its cost function. Instead, it relies 
on an external voltage-sorting algorithm to ensure the 
equilibrium of the capacitor voltages. Fig. 2 presents an 
overview of the proposed voltage-balancing control scheme, 
where EPS-PWM, as detailed in [29], governs the desired 
voltage levels within each arm. Importantly, the role of this 
modulator does not include determining switching instants. 
Instead, it specifies the desired voltage level for each arm. Then, 
the MPC block is considered with extra redundancies to apply 
optimal switching states through the minimization of a Root 
Mean Squared Error single-cost function, formulated as 

 𝐽 = ቂ𝑤ଵห𝑉௖
∗(𝑘 + 1) − 𝑉௖௜௣(𝑘 + 1)ห

ଶ
 

         +𝑤ଶห∆𝑊෩ ∗(𝑘 + 1) − ∆𝑊෩௨/௟,௣(𝑘 + 1)ห
ଶ
 

         +𝑤ଷห∆∗𝑊(𝑘 + 1) − 𝛥𝑊௣(𝑘 + 1)ห
ଶ
 

         +𝑤4 ቚ𝜉∗(𝑘 + 1) − 𝜉
𝑝
∗ (𝑘 + 1)ቚ

2

൨
1/2

 

(15)

In (15), four terms constitute the weighted cost function, each 
involving the predicted and extrapolated control variables. The 
prime control objective is to regulate capacitor voltages at a 
nominal DC reference, while the second objective is to remove 
energy variation in arms between HB- and FB-SMs. The third 
term concerns the energy balance between the upper and lower 
arm in each phase, and the fourth term considers robustness. 
The observer plays a part in the control system by estimating 
the disturbance resulting from the uncertainty in the capacitance 
of SMs. Each of these components is elaborated on separately 
in the forthcoming sections. As in the previous section, the 
equations are explained for phase 𝑎. 

A.Capacitor voltage balancing in arms 

A capacitor voltage can be equivalently modeled by DC and 
ac components as 
 𝑣௖௜௔ = 𝑉௖௡ + 𝑣෤௖௜௔ (16) 
where 𝑉௖௡ is the nominal value, and 𝑣෤௖௜௔ is an oscillating term 
involving high-order components. The discretized differential 
equation of the capacitor voltages derived by using forward 
Euler approximation is written as 

 𝑣௖௜௔(𝑘 + 1) = 𝑣௖௜௔(𝑘) ± ೞ்

஼
𝑆௜௔(𝑘)𝑖௨/௟,௔(𝑘)  (17) 

where 𝑇௦ and 𝐶 are the sampling time. Additionally, 𝑆௜௔(𝑘) is 
the state of 𝑖௧௛   module (that can be HB- or FB-SM) and the 
𝑉௖௜௔(𝑘 + 1) is the next state of capacitor voltage obtained from 
the present state of capacitor voltage 𝑉௖௜௔(𝑘) and the 
multiplication of the arm current and the switching state, 
expressed in 𝑆௜௔(𝑘)𝑖௨/௟,௔(𝑘). The sign is positive when SMs are 
inserted with a positive output voltage and negative for FB-SMs 
when the negative voltage is generated in the arms. The 
capacitor voltage reference relates to the DC link voltage and 
SM counts and is extrapolated as  

 𝑣௖
∗(𝑘 + 1) =

௏೏೎

ேିி
.   (18) 

𝑽𝒓𝒆𝒇𝒖𝒑

∗

( 𝒑 = 𝒂, 𝒃, 𝒄)

𝑽𝒓𝒆𝒇𝒍𝒑

∗

𝑳𝒖𝒑

𝑳𝒍𝒑

𝒊𝒂

𝒊𝒃

𝒊𝒄

𝒊𝟏 𝒊𝟐 … 𝒊𝟔𝒗𝟏 𝒗𝟐 … 𝒗𝟐𝟒

𝑺𝟏

𝑺𝟐
⋮

𝑺𝟐𝟒

-F

N

…

…

Enhanced-PSPWM [29]

…

𝜔𝑡 (Rad)

… Model Predictive 
Control (MPC)

Hybrid MMC

𝒊𝟏 𝒊𝟐 … 𝒊𝟔𝒗𝟏 𝒗𝟐 … 𝒗𝟐𝟒

𝒊𝟏 𝒊𝟐 … 𝒊𝟔𝒗𝟏 𝒗𝟐 … 𝒗𝟐𝟒

Observer

𝝃෠



 

As a result, the prime control objective is included in the cost 
function as 

 𝐽ଵ = ห𝑉௖
∗(𝑘 + 1) − 𝑉௖௜௣(𝑘 + 1)ห

ଶ
 (19) 

B. Inter-cell energy balancing 

The dissimilar charging and discharging characteristics of 
HB- and FB-SM in an arm result in distinct voltage ripple 
patterns between them, which must be kept under control. If left 
unaddressed, this phenomenon increases the voltage stress of 
power switches and degrades the converter's performance. 
Moreover, it may prevent the ac output voltage from rising, 
especially when FB-SMs generate a negative voltage for an 
extended period and the arm currents are relatively short in the 
negative segment. Therefore, it is imperative to suppress the 
fluctuating energy between HB- and FB-SMs in the arms to 
reduce capacitor voltage ripples and, consequently, capacitor 
size and volume. 

Given that the first control objective in the cost function is to 
regulate capacitor voltages at the nominal DC reference or to 
achieve equal energy distribution among SMs of the same type, 
the rate of change in the fluctuating energy of both the HB- and 
FB-SM in the upper arm can be written as 

 ቐ

ௗௐೠ೓ೌ

ௗ௧
=

ଵ

ேିி
𝑝௨௛௔

ௗௐೠ೑ೌ

ௗ௧
=

ଵ

ி
𝑝௨௙௔      

 (20) 

where 𝑃௨௛௔ and 𝑃௨௙௔ are the delivered instantaneous power to 
series HB- and FB-SMs, obtained as 

 ൜
𝑝௨௛௔ = 𝑣௨௛௔𝑖௨௔

𝑝௨௙௔ = 𝑣௨௙௔𝑖௨௔
 (21) 

where 𝑣௨௛௔ and 𝑣௨௙௔  are the total synthesized voltage of HB-
SMs and FB-SMs, calculated as  

 ቊ
𝑣௨௛௔ = ∑ 𝑆௨௜

௛௕ேିி
௜ୀଵ 𝑉௖                                           

𝑣௨௙௔ = ∑ 𝑆௨௝
௙௕ி

௝ୀଵ 𝑉௖ = (𝐿௨௔ − ∑ 𝑆௨௜
௛௕ேିி

௜ୀଵ )𝑉௖

 (22) 

where 𝑆௨௜
௛௕ denotes the state of HB-SMs and can be 1 or 0, while 

𝑆௨௜
௙௕ denotes the state of FB-SMs, which can be 1, 0, or -1. 𝐿௨௔ 

represents the voltage level, which EPS-PWM has determined 
for the upper arm-a. By subtracting the equations in (20), (21), 
and considering (22), the differential equation of the energy 
difference between HB- and FB-SM can be written as 

 
ௗ∆ௐ෩ೠೌ(௞)

ௗ௧
=

ଵ

ேିி
∑ 𝑆௨௜

௛௕ேିி
௜ୀଵ −

ଵ

ி
൫𝐿௨௔ − ∑ 𝑆௨௜

௛௕ேିி
௜ୀଵ ൯𝑉௖𝑖௨௔ (23) 

According to (23), the districted time model is calculated as 

 ∆𝑊෩௨௔(𝑘 + 1) = ∆𝑊෩௨௔(𝑘) + ೞ்

ேିி
∑ 𝑆௨௜

௛௕ேିி
௜ୀଵ −

ೞ்

ி
൫𝐿௨௔(𝑘) − ∑ 𝑆௨௜

௛௕ேିி
௜ୀଵ ൯𝑉௖𝑖௨௔(𝑘) 

(24) 

where ∆𝑊෩௨௔(𝑘) is the current state of the energy difference 
between HB- and FB-SM, which is calculated as 

 ∆𝑊෩௨௔(𝑘) =
ௐೠ೓ೌ(ೖ)

ேିி
−

ௐೠ೑ೌ(ೖ)

ி
 (25) 

where 𝑊௨௛௔(𝑘) and 𝑊௨௙௔(𝑘) are the stored energy of all HB- 
and FB-SMs at instant k, respectively. The proposed control 
scheme aims to alleviate the energy deviation between HB-SMs 
and FB-SMs by optimizing the selected switching state from 
available redundancies, as explained in Table 1. Finally, the 
corresponding term in the cost function is defined as  

  𝐽ଶ = ห∆𝑊෩ ∗(𝑘 + 1) − ∆𝑊෩௨/௟,௣(𝑘 + 1)ห
ଶ

. (26) 
where ∆𝑊෩ ∗(𝑘 + 1) is the estimated reference value, which 
must be set to zero. 

C. Inter-leg Energy balancing 

Attaining an energy balance between HB- and FB-SMs 
within the upper and lower arms does not always imply that 
different arms absorb the same amount of energy. Considering 
this, deviations in the sum of the capacitor voltages of the arms 
caused by energy imbalance are considerable. Theoretically, the 
power factor and modulation index are the reasons for this; 
however, in practice, asymmetrical converter parameters and 
component tolerations may cause such an imbalance. The 
pattern of change in the energy of the arms is formulated as 

 
ௗௐೠ/೗,ೌ

ௗ௧
= 𝑣௨/௟,௔𝑖௨/௟,௔ (27) 

where 𝑊௨௔ and 𝑊௟௔ are the total amount of stored energy in 
upper and lower arms. Then, the difference derivatives between 
arm energies is 

 
ௗ∆ௐೌ

ௗ௧
= 𝑣௨௔𝑖௨௔ − 𝑣௟௔𝑖௟௔  (28) 

in which upper and lower arm voltages can be rewritten by the 
sum and difference of them as  
 𝑣∑/∆,௔ = 𝑣௨௔ ± 𝑣௟௔ . (29) 

By replacing (3) and (29) in (28), the new relationship is 
achieved as  

 
ௗ∆ௐೌ

ௗ௧
= 𝑣∑ ௔

௜ೌ

ଶ
+ 𝑣∆௔𝑖௖௜௥௔. (30) 

As a result, the discretized equation is obtained as  

∆𝑊௔(𝑘 + 1) = ∆𝑊௔(𝑘)+𝑇௦(𝑣∑ ௔(𝑘)
௜ೌ(௞)

ଶ
+ 𝑣∆௔(𝑘)𝑖௖௜௥௔(𝑘))

 (31) 
where ∆𝑊௔(𝑘 + 1) is the next state of energy variation between 
arms. Its reference, ∆∗𝑊(𝑘 + 1) must be set to zero. 
Accordingly, the following cost function term is derived as 

 𝐽ଷ = 𝑤ଷห∆∗𝑊(𝑘 + 1) − 𝛥𝑊௣(𝑘 + 1)ห
ଶ
 (32) 

D. Robust Design 

Despite the inter-cell and inter-arm balancing controls, the 
proper performance of the converter may be at risk because of 
the mismatch in the capacitance of SMs, degrading the 
operation of the capacitor voltage balancing. Motivated by this 
challenge, an additional observer is designed, which estimates 
the lumped disturbance caused by such uncertainties. The MPC 
compensates for this computed value and ensures the voltage 
balancing robustness. 

Initially, the differential equation of the system must include 
a mismatch in the capacitance of the SMs. By ignoring the 
nonlinearities, the differential equation of the capacitor voltages 
in the upper arm of the phase a can be expressed as  

 (𝐶 + ∆𝐶)
ௗ௩೎೔ೌ

ௗ௧
 = 𝑆௜௔𝑖௨௔ (33) 

where ∆C is the mismatch for the capacitance of SMs, derived 
by the multiplication of λ and C. The discretized form of (33) 
can be written as 

 𝑣௖௜௔(𝑘 + 1) = 𝑣௖௜௔(𝑘) +
ଵ

஼ା∆஼
𝑇௦𝑆௜௔(𝑘)𝑖௨௔(𝑘). (34) 

The voltage error is caused by the term 
ଵ

஼ା∆஼
, which can be 

approximated by a third-order Taylor series as 

 
ଵ

஼ା∆஼
= ∑

ఒ೙(ିଵ)೙

஼

ஶ
௡ୀ଴ =

ଵ

஼
 (−𝜆ଷ + 𝜆ଶ −  𝜆 + 1). (35) 

From (34) and (35), the lumped disturbance is obtained as 

 𝜉(𝑘) = − ೞ்

஼
𝐴𝑆௨௔(𝑘)𝑖௨௔(𝑘) (36) 

where 𝐴 = (𝜆ଷ − 𝜆ଶ + 𝜆). In this study, 𝜆 is equal to ±15%. 
The Kalman Filter (KF) is designed to estimate the lumped 



 

disturbance. The dynamic equation of the disturbance observer 
is expressed as: 
 𝑥̇෠(𝑡) = Φ𝑥ො(𝑡) + G𝑢(𝑡) + Φ𝑥ො(𝑡) + 𝐿(𝑦௦ − 𝐶𝑥ො(𝑡)) (37) 
where Φ and 𝐺 are both available from linear modeling. 𝑥ො(𝑡) is 
the estimated state variable, 𝑦௦ is the output equation of the 
system, and 𝐿 is the gain matrix. According to (34) and (37), 
the state-space equation of the Kalman filter-based observer is 
attained as  

 

⎩
⎪
⎨

⎪
⎧ ൤

𝑣ො௖௜௔(𝑘)

𝜉መ(𝑘)
൨ = Φ ൤

𝑣ො௖௜௔(𝑘 − 1)

𝜉መ(𝑘 − 1)
൨ + 𝐺𝑆௜௔(𝑘)𝑖௨௔(𝑘)

                       +𝐾(𝑣௖௜௔(𝑘 − 1) − 𝐶𝑣ො௖௜௔(𝑘 − 1))

𝑦(𝑘) = 𝐶 ൤
𝑣ො௖௜௔(𝑘)

𝜉(𝑘)
൨ , 𝐶 = [0 1]                              

 (38) 

where Φ = [1 −𝑇௦/𝐶]் and 𝐺 = [0 𝑇௦/𝐶]். The 𝜉መ(𝑘) is the 
normal distribution with zero mean. Covariance matrix Q, and 
measurement covariance R are used in calculating the gain of 
the observer, formulated as  
 𝐿 = 𝑃୩

ି𝐶்(𝐶𝑃୩
ି𝐶் + 𝑅)ିଵ (39) 

where 𝑃௞
ି is the prior estimate error covariance matrix obtained 

as 

 ቊ
𝑃୩

ି = Φ𝑃෠௞ିଵΦ் + 𝑄

𝑃௞ = (1 − 𝐿𝐶)𝑃୩
ି     

. (40) 

The MPC is responsible for rejecting the estimated 
disturbance; hence, the fourth term is defined as 

 𝐽ସ = 𝑤ସห𝜉∗(𝑘 + 1) − 𝜉௣
∗(𝑘 + 1)ห

ଶ
 (41) 

where 𝜉መ∗(𝑘 + 1) is the reference for the estimated lumped 
disturbance, which is set to zero, as it has to be rejected. 

E.Stability analysis of the observer 

In this subsection, the stability analysis of the observer is 
verified. First, the error dynamics of the estimation is defined 
as, 
 𝜉ሚ(𝑘) = 𝜉(𝑘) − 𝜉መ(𝑘). (42) 

Two assumptions are considered. First, the uncertain terms 
are bounded, and secondly, they change at a slow rate; 
therefore, we have, 
 𝜉ሚ(𝑘) = 𝜉ሚ(𝑘 − 1). (43) 
Taking into account these assumptions and substituting (36) 
and (38) into (42), the dynamic error is obtained as, 

𝜉ሚ(𝑘) = −
𝑇௦

𝐶
𝐴(𝑆௜௔(𝑘)𝑖௨௔(𝑘) − 𝑆௜௔(𝑘 − 1) 𝚤̇መ௨௔(𝑘 − 1)) (44) 

To show the tendency of 𝜉ሚ(𝑘)to approach zero, a Lyapunov 
function candidate is developed as follows,  

 ൜
𝑉(𝑘) = 𝜉ሚ்(𝑘)𝜉ሚ(𝑘)               

Δ𝑉(𝑘) = 𝑉(𝑘 + 1) − 𝑉(𝑘)
. (45) 

Substituting (44) into (45), the Lyapunov function is 
obtained as follows,  

Δ𝑉(𝑘) = − ൬
𝑇௦

𝐶
൰

ଶ

𝐴ଶ ൬ቀ𝑆௜௔(𝑘 + 1)𝑖௨௔(𝑘 + 1) − 𝑆௜௔(𝑘)𝚤መ̇௨௔(𝑘)ቁ
ଶ
 

− ൫𝑆𝑖𝑎(𝑘)𝑖𝑢𝑎(𝑘) − 𝑆𝑖𝑎(𝑘 − 1)𝑖𝑢̂𝑎(𝑘 − 1)൯
2
ቁ. (46) 

The expression (46) can be written as, 

 Δ𝑉(𝑘) = − ቀ ೞ்

஼
ቁ

ଶ

𝐴ଶ ቀ𝑆ଶ
௜௔(𝑘 + 1)𝑖ଶ

௨௔(𝑘 + 1) +

𝑆ଶ
௜௔(𝑘)𝚤̇መଶ

௨௔(𝑘) − 2𝑆௜௔(𝑘 + 1)𝑆௜௔(𝑘)𝚤መ̇௨௔(𝑘)𝑖௨௔(𝑘 + 1) −

𝑆ଶ
௜௔(𝑘)𝑖ଶ

௨௔(𝑘)−𝑆ଶ
௜௔(𝑘 − 1)𝚤መ̇ଶ

௨௔(𝑘 − 1) +

2𝑆௜௔(𝑘)𝑆௜௔(𝑘 − 1)𝚤መ̇௨௔(𝑘)𝑖௨௔(𝑘 − 1)ቁ. (47)

By relying on the assumptions mentioned earlier, where 
𝑆௨ = {−1,0,1}, from (46) and (47), one can conclude that ∆𝑉 is 
definitely negative and bounded, indicating the stability of the 
observer. 

IV. SIMULATION RESULTS 

A three-phase 9-L hybrid MMC with a power rate of 1.8 
MVA is simulated in MATLAB/SIMULINK to evaluate the 
performance of the proposed control method. Table II lists the 
parameters of the simulated hybrid MMC. According to 𝑉ௗ௖ = 
8100V and equation (18), the nominal reference voltage for the 
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Fig. 3. SMs Capacitors Voltages, (a) Capacitor voltages of HB-SMs at  
M = 1.1, 1.2, (b) Capacitor voltages of FB-SMs at M = 1.1, 1.2, (c) 
Capacitor voltages of HB-SMs at M = 1.3, 1.4, (d) Capacitor voltages of 
FB-SMs at M = 1.3, 1.4. 



 

cells is 2700V. The hybrid ratio is selected at 0.25 using one 
FB-SM and three HB-SMs in each arm to provide the most 
demanding balancing condition.  

A. Steady-state analysis 

This section delves into the steady-state operation of the 
proposed control method under over-modulation 
circumstances. The first two scenarios cover approximately 
65% of the over-modulation working zone. Fig. 3(a) and 3(b) 
show the capacitor voltages of the HB- and FB-SMs which are 
regulated at 2.7 kV with a ripple lower than 6%. Although there 
is a change in the modulation index at 0.6s, SM voltages remain 
stable. Fig 3(c) and (d) reveal that the ripple of the FB- and HB-
SMs is increased and decreased by boosting the modulation 
index, respectively. After 0.6s, the highest level of energy 
oscillation in the FB-SMs and the lowest one in the HB-SMs is 
observed, which is in accordance with the theoretical analysis 
in Section II. By turning to 𝑀 = 1.4, the energy variations of 
the FB-SMs are remarkably supplemented, whereas the 
opposite is true for the HB-SMs.  

Fig. 4(a) depicts the 6-L arm voltages resulting from a 
conflation of the 3-L bipolar output voltage of the FB-SM and 
the 4-L unipolar output voltage generated by three HB-SMs. 
Furthermore, the 9-L three-phase output voltage is illustrated in 
Fig. 4(b). The total harmonic distortion (THD) and the 
fundamental component of the output voltages are indicated in 

Fig. 4(c). The value of the latter is close to 99% of the 
theoretical expected value from (2). Fig. 4(d) shows the arm 
currents. Fig. 4(e) shows the three-phase balanced output 
currents. Finally, Fig. 4(f) illustrates the circulating current 
containing one-third of the DC link current and fluctuating 
terms. Fig. 5 shows SMs capacitor voltage ripples of HB- and 
FB-SMs in accordance with the modulation index. For HB-
SMs, 𝑟௛ indicate how much the capacitors' voltage swings from 
the average value (ripple). Similarly, 𝑟௙  is the same for FB-
SMs.  

B. Dynamic performance analysis 

The dynamic performance of the proposed control method is 
studied under varying circumstances caused by changes in DC 
link voltage and output power. Fig. 6(a) and (b) show the 
capacitor voltages in the first scenario, where DC link voltage 
and output power have changed at 0.3s and 0.45s, respectively. 
The DC link voltage is reduced from 8100 V to 7290 V, and the 
output power changed from 1800 kVA to 2000 kVA (𝑝𝑓 =1). 
After approximately 50 ms, the voltages of the HB- and FB-
SMs are adjusted at the new voltage reference, 2430 V, as 
illustrated in Fig. 6(a) and (b). The control system can ensure a 
proper balancing function at the new operating point. In the 
second scenario, Fig. 6(c) and (d) illustrate the impact of the 
new form of redundancy and energy oscillation cancellation in 
the balancing procedure. Assuming a scenario in which  
𝑀 = 1.3, and the power factor is 0.9, Fig. 6(c) and (d) depict 
the capacitor voltages of one phase as a sample. Primarily, MPC 
determines the optimal switching states from available 
redundancies without using its introduced form. In this case, the 
removal of the fluctuating energy is also inactive (by setting the 
related weighting factor to zero). All the voltages of the SMs 
are balanced but with a considerable voltage ripple in the upper 
arm, whereas in the lower arm, there is also a difference 
between the HB- and FB-SMs. After 0.5s, the imbalanced 
energy is eliminated by employing new redundancies and 
intercession of the energy mitigation section in the control 
system.
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Fig 4. Steady-state performance analysis simulation results, (a) Arm voltages, (b) Three-phase output voltage, (c) Three-phase output voltage fundamental 
frequency content and THD, (d) Arm currents, (e) Output current, (f) circulating currents. 
 

TABLE II 
HYBRID MMC PARAMETERS IN THE SIMULATION ENVIRONMENT AND 

EXPERIMENT 

PARAMETER Simulation Experiment 

Number of cells per arm 4 3 
Number of FB-SM per arm 1 1 
Number of HB-SM per arm 3 2 

DC link voltage (V) 8100 180 
Nominal voltage reference (V) 2700 90 

Switching frequency (kHz) 1 1 
Load frequency (Hz) 60 50 
Arm inductance (mH) 3 3 
SMs capacitance (mF) 2 1.8 

Sampling time (µs) 100 50 

 



 

 
Fig 5. Capacitor voltage ripple of HB- and FB-SMs in accordance with 
modulation index in the proposed method 
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Fig 6. Dynamic performance analysis results for different scenarios: The first 
scenario: (a) HB-SMs capacitor voltages, (b) FB-SMs capacitor voltages. The 
second scenario: (c) HB-SMs capacitor voltages, (d) FB-SMs capacitor 
voltages. 

The effectiveness of the proposed control approach is 
evaluated in comparison with both IMPC and DMPC methods. 
The modulation index varies from 1.1 to 1.5 in increments of 
0.1. Fig. 6(a) shows the performance of the IMPC. While 
offering acceptable voltage balancing performance for 
modulation indices below 1.4, a noticeable divergence in 
capacitor voltages emerges at a modulation index of 1.5. Fig. 
6(b) illustrates the capacitor voltages of the HB and FB-SMs in 
the DMPC method. Similar to IMPC, divergance in the 
capacitor voltages is apparent at higher modulation indices. The 
capacitor voltage ripple is higher in the DMPC method. In 
addition, DMPC demonstrates greater sensitivity to parameter 
variations and may encounter challenges in achieving 
convergence. In Fig. 6(c), the capacitor voltages in the proposed 
method are presented under identical operating conditions. In 
contrast to IMPC and DMPC, the proposed method offers 
improved steady-state performance and maintains stability over 
a broader range of extended regions. 
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Fig 7. Capacitor voltages under varying modulation indices: (a) IMPC method, 
(b) DMPC method, (c) Proposed method. 



 

V. EXPERIMENTAL RESULTS 

A hybrid MMC prototype with an active power rate of 1 kW 
is used to validate the proposed method experimentally. The 
implementation of the control system is based on XILINX Zynq 
7000, which integrates FPGA and ARM processors to deliver 
high-quality functions simultaneously. The FPGA determines 
the voltage level that must be generated in the arms by 
comparing the arm voltage references with the carriers based on 
the EPS-PWM presented in [29]. The MPC is programmed on 
the ARM, and the switching states are set to meet the control 
objectives. Fig. 8 illustrates the setup structure, and Table II 
summarizes the parameters. 

Each arm has two HB-SMs and one FB-SM, referring to  
ℎ = 0.33. Therefore, the maximum value of the modulation 
index is 2. Primarily, the assessment is performed at two 
modulation indices in the extended operating zone (over-
modulation circumstance), including M = 1.45 and M = 1.65.  
The 3-L bipolar output voltages of the FB-SM and 2-L unipolar 
outputs of the two HB-SMs yield 5-L arm voltages ranging 
from -90 V to 270 V, as shown in Fig. 9(a). Fig. 9(b) shows the 
capacitor voltages of the upper arm at M = 1.45, tuned at 90 V, 
with negligible steady-state errors and ripples. The high 
resemblance between the two arm voltages proves the accuracy 
of balancing in the lower arm.  

Fig. 10(a) shows the 9-L output voltage and output current. 
Compared with the previous scenario, the two extra levels at the 
AC-side voltage of the converter result from an increase in the 
modulation index. Furthermore, Fig. 10(b) shows the balanced 
capacitor voltages of the upper arm at M = 1.65. In this case, 
the higher engagement of the FB-SM in forming the arm 
voltages is apparent because of the supplemented negative 
levels. 

 
Fig 8. Single-phase hybrid MMC prototype 
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Fig 9. Experimental test results for 𝑀 = 1.45: (a) Arm voltages, output voltage 
and current, (b). Capacitor voltages in the upper arm 
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(b) 

Fig 10. Experimental test results for M=1.65: (a) Arm voltages, output 
voltage and current, (b) Capacitor voltages in the upper arm. 

To verify the performance of the proposed method in severe 
conditions, the output voltage frequency is chosen to be 25 Hz 



 

in the next dynamic experiments because under lower 
frequencies, voltage balancing is more challenging. 

Fig. 11(a) and (b) illustrate the effectiveness of the proposed 
control system when the DC link voltage reduces from 180 to 
130V (27% reduction) and restores to 180V (38% increase), 
respectively. As seen in Fig. 11(a), the initial DC link voltage 
is 180V, and the nominal voltage of the capacitors is 90V 
according to (18), where N = 3 and F = 1. Following the 
decrease in the DC link voltage to 130V, the capacitor voltages 
accurately track the new nominal reference. In both cases, as 
expected, the capacitor voltages are regulated to half of the DC 
link voltage owing to the modulation method employed. The 
proposed control system exhibits the same behavior when the 
scenario is repeated in reverse, as shown in Fig. 10(b). It is 
worth mentioning that the DC power supply is changed by 
ramping smoothly over 100 ms. 

Fig. 12(a) and (b) illustrate the capacitor voltages of two HB-
SMs and one FB-SM in the upper arm and the output current 
response to a 100% load increase and 50% load reduction, 
respectively. The control system consistently upholds its 
performance even when faced with fluctuations in load 
conditions. The more fluctuating capacitor voltage derives from 
the lower output frequency. Additionally, Fig. 12(c) and (d) 
contain the arm voltages, output voltage, and current during 
load changes.  
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Fig 11. Dynamic behavior of the system in the first scenario: (a) Capacitor 
voltages under 27% reduction in the DC link voltage, (b) Capacitor voltages 
under 38% increase in the DC link voltage. 
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Fig. 12. Dynamic behavior of the system in the second scenario: (a) Capacitor 
voltages during a 100% increase in the load, (b) Capacitor voltages during a 
50% decrease in the load, (c) The arm voltages, output voltage, and current 
during 100% increase in the load, (d) The arm voltages, output voltage and 
current during 50% decrease in the load 



 

C. Comparative study 

This subsection offers an analytical and numerical 
comparative study in which the performance of the proposed 
control method is compared with that of IMPC and DMPC in 
experiments. Similar to the simulation comparative study, the 
vertical and horizontal energy balancing terms introduced in 
[30] are also considered. Figures 13(a) to 13(c) depict the 
capacitor voltages in IMPC, DMPC, and the proposed method, 
wherein the modulation indices range from 1 to 1.8 in steps of 
0.2.  
The IMPC maintains balanced capacitor voltages until the 
modulation index reaches 1.6. However, as the modulation 
index becomes 1.6, an obvious voltage deviation appears 
between the HB-SMs and FB-SM capacitor voltages. From Fig. 
12(b), it is evident that the voltage divergence among the 
capacitor voltages in DMPC commences after M reaches 1.6 
and becomes increasingly pronounced as M approaches 1.8. 
Fig. 12(c) shows the capacitor voltages of the HB-SMs and FB-
SM in the proposed method. Notably, the proposed balancing 
method keeps the capacitor voltages balanced even under 
higher modulation indices, such as M = 1.6 and M = 1.8. 

To have a more precise comparison, a comprehensive 
numerical analysis was conducted based on the recorded data 
of the discussed methods using the oscilloscope in CSV files 
and imported in MATLAB/SIMULINK. The findings are listed 
in Table III. The analysis encompasses various aspects, 
including tracking error, deviation between the ripples of the 
HB-SMs and FB-SM, output current total harmonic distortion 
(THD), and computational time.  

The tracking error (the percent of deviation of the average 
capacitor voltage from the reference value) is defined by 𝑒௙ and 
𝑒௛for FB-SMs and HB-SMs, respectively. Moreover, ∆𝑟 is the 
absolute difference between 𝑟௛  and 𝑟௙ , two factors that have 
been previously explained. While in the proposed method and 
IMPC, ∆r is less than 2%, the DMPC has the highest amount of 
∆𝑟 , with 4.5%. The computational time (the time when the 
ARM processor in the Zynq ™ 7000 executes the written code) 

is derived from setting a bit at the beginning of the code and 
resetting at the end of the code. It is observed that the execution 
time of the proposed method is less than that of the two other 
methods. The main reason is that implementing the Enhanced 
PWM of the proposed method, which determines the desired 
output voltage, is performed in the FPGA section of Zynq ™ 
7000 and thus has no computational burden on the software 
part. Furthermore, in IMPC, a sorting algorithm is carried out, 
which takes almost 13µs of the computational time.  

Because of the higher computational time required for 
DMPC, the sampling time for DMPC was set to be 100 μs. In 
contrast, IMPC and the proposed method utilize a shorter 
sampling time, i.e., 50 μs. Consequently, the higher sampling 
time of the DMPC causes higher distortions, resulting in an 
increased THD. The proposed method offers improved output 
current quality performance over a wider range of extended 
working regions. 

VI. CONCLUSION 

This paper proposes an innovative control strategy for capacitor 
voltage balancing within the overmodulation range of hybrid 
MMCs. This approach is grounded in MPC and enhanced 
phase-shift PWM, augmented by a supplementary observer that 
employs a Kalman filter. The core objective is to effectively 
address the voltage imbalances that manifest across the 
extended operational spectrum of hybrid MMCs, focusing 
mainly on modulation indices that exceed 1. By exploiting the 
ability to generate negative voltage levels in the arm voltages, 
the proposed method introduces a new redundancy approach for 
flexibly employing FB-SMs, thereby ensuring alignment with 
the control objectives of the cost function. The devised cost 
function encompasses various components, including voltage 
balance optimization for both HB-SMs and FB-SMs (inter-cell 
balance), minimization of SMs voltage fluctuations (inter-leg 
voltage equilibrium), and a compensatory factor that accounts 
for disturbances in the SMs capacitance. The efficacy of this 
approach was validated through simulations using 

TABLE III 
COMPARİSON OF THE PROPOSED METHOD WİTH INDİRECT MPC AND DİRECT MPC İN EXPERİMENTS 

Cr൴ter൴on 𝐌 
Ind൴rect Model Pred൴ct൴ve Control 

(IMPC)  
D൴rect Model Pred൴ct൴ve Control 

(DMPC)   
Proposed method  

Track൴ng error 

1.2. 
𝑒௙ = 4.4% 
𝑒௛ =2.1% 

𝑒௙ =3.8% 
𝑒௛ =2.4% 

𝑒௙ = 3% 
𝑒௛ =2.4% 

1.4 
𝑒௙ =2.2% 
𝑒௛ =2.1% 

𝑒௙ =2.2% 
𝑒௛ =3% 

𝑒௙ =2.5% 
𝑒௛ =3% 

1.6 Unstable 
𝑒௙ =1.1% 
𝑒௛ =5% 

𝑒௙ =1.5% 
𝑒௛ =3.2% 

1.8 Unstable Unstable 
𝑒௙ =4.4% 
𝑒௛ =5% 

Dev൴at൴on between the voltage r൴pple of HB-
and FB-SMs 

1.2 

∆r ≤ 2% ∆r ≤ 4.5% ∆r ≤ 2% 
1.4 
1.6 
1.8 

Total Harmon൴c D൴stort൴on  (THD) 

1.2 10.2% 14.4% 4.9% 
1.4 9.6% 13.9% 5.4% 
1.6 12.10% 14.8% 5.5% 
1.8 19.9% 15.5% 5.7% 

Computat൴onal T൴me  39 μs 75 μs 35μs 



 

MATLAB/SIMULINK and experimental results obtained from 
a hardware prototype. 

 
(a) 

 
(b) 

 
(c) 

Fig 13. Capacitor voltages of HB-SMs and FB-SM under overmodulation 
circumstances in the IMPC, DMPC, and proposed methods: (a) capacitor 
voltages in the IMPC method, (b) capacitor voltages in the DMPC method, and 
(c) capacitor voltages in the proposed method. 
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