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Abstract 
This paper presents a new control methodology for Modular Multilevel Resonant (MMR) converters in 
Solid-State Transformer (SST) systems, targeting medium-voltage conversion for hydrogen electrolysis 
applications. The study begins by analyzing various existing control strategies for MMR, assessing their 
working principles, regulation effectiveness, and influence on efficiency. To enhance control simplicity 
and effectiveness, a continuous modulation index method is introduced, reducing the number of control 
variables to one while maintaining stable operation. The proposed scheme effectively reduces harmonic 
distortion in the resonant current and limits magnetizing current in the transformer, by fixing a small 
phase shift angle among MMC submodules and setting operation at the resonant frequency. A 10% 
reduction in overall power losses compared to phase shift control is indicated by thermal modeling, 
leading to improved efficiency and potential cost savings in cooling systems. The effectiveness of the 
proposed method is confirmed through Simulink-based simulations.  

1 Introduction 
Green hydrogen is a crucial solution for alleviating 
grid congestion and expanding renewable energy 
integration [1]. Produced via electrolyzers 
powered by renewable sources, hydrogen finds 
applications in the petroleum industry, 
transportation, and energy storage. Large-scale 
electrolyzers require medium-to-low voltage 
conversion, traditionally achieved using line 
frequency transformers with diode or thyristor 
rectifiers [2]. While cost-effective, these solutions 
result in bulky systems, limiting their feasibility in 
space-constrained applications. 
Solid-State Transformers (SSTs) address this 
issue by employing high-frequency power 
conversion, enabling voltage regulation and 
galvanic isolation with compact transformers. 
Among various SST topologies, the cascaded 
structure is widely adopted for its modularity and 
control flexibility [3, 4]. However, it necessitates 
multiple low-power transformers with full DC 
voltage isolation, increasing cost and design 
complexity, particularly for high-voltage and high-
power applications. 
A promising alternative is the Modular Multilevel 
Converter (MMC) with a centralized transformer. 
Recent research has investigated various MMC-
based SST topologies for medium-voltage 

application, with a focus on architectures like the 
dual-active-bridge (DAB) and resonant 
configurations. While the modular multilevel DAB 
(M2DAB) allows phase-shift control for power 
regulation, its bidirectional nature and secondary-
side active switches make it less suitable for 
electrolyzers [5]. In contrast, the Modular 
Multilevel Resonant (MMR) converter leverages 
the LLC topology for an extended soft-switching 
range while achieving improved voltage regulation 
via MMC-based modulation [6]. 
Existing MMR control methods combine 
discontinuous modulation index control with either 
frequency variation control, leading to high 
magnetizing currents and complex multi control 
loops, or phase-shift control, which also increases 
control complexity [6, 7]. This paper proposes a 
novel continuous modulation index control, 
simplifying control to a single variable while 
maintaining robust regulation. Fixing the operating 
frequency at resonance enables a higher 
magnetizing inductance, reducing magnetizing 
current and improving efficiency. Additionally, a 
small, fixed phase shift between MMC 
submodules lowers resonant current distortion. 
Compared to phase-shift control, this method 
reduces total power losses by 10%, lowering 
cooling system costs. 
The rest of this paper is arranged as follows: 
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Section II provides an overview of MMR 
functionality and conventional control strategies.  
Section III introduces the proposed control 
strategy. Section IV validates the approach 
through simulations and loss comparison. Section
V concludes with key findings.

2 MMR-SST Operation Principle 
and Existing Control Methods

Fig. 2  MMR quasi-square waveform modulation  
Fig. 1 presents the structure of the MMR-SST, 
which integrates a 12-pulse DRU rectifier and an 
MMR. The MMR incorporates a three-phase MMC, 

medium-frequency transformers, and DRU 
rectifiers on the secondary side. The three-phase 
configuration is preferred for reduced 
semiconductor, capacitor, and transformer ratings
[1, 8]. For simplicity, MFT parameters are 
assumed identical, ignoring tolerances. The MMR 
operates similarly to a two-level LLC converter, 
using quasi-square waveform modulation (Fig. 2) 
to enhance DC voltage utilization and reduce dv/dt. 
Due to the LLC resonant unit, the resonant current 
in Fig. 1 is nearly sinusoidal. Fig. 3 shows the 
MMR's primary waveform, where the arm voltage 
is trapezoidal, and the arm current includes a DC 
bias and sinusoidal resonant component, limiting 
full soft switching unlike two-level LLC converters
[6]. 

Fig. 3  Quasi-square waveform modulation of MMR 
converter. 

Equation (1) describe the arm currents, voltages,
and resonant currents [7], and the voltage applied
to the resonant tank is represented by up. 

Fig. 1  MMR-based SST. An autotransformer is used to generate a 30° phase shift for two DRUs. Two parallel 
resonant circuits power separate electrolyzer units. Larm, Llk, Lm, and Cr correspond to the MMC arm inductance, 
leakage and magnetizing inductances of the MFT, and the resonant capacitance. Similarly, udc, idc, ip, in, ir, ir1, 
and ir2 denote the DC input voltage and current, the upper and lower arm currents of phase A, the total resonant 
current, and the first and second resonant currents of the MFT.
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Frequency variation control, similar to traditional 
two-level LLC converters, can be applied in MMRs 
but provides limited voltage regulation and 
requires a small transformer magnetizing 
inductance, leading to high magnetizing currents 
and increased losses. An alternative approach 
adjusts the resonant tank voltage via arm voltages, 
enabling discontinuous modulation index control 
by varying the number of inserted submodules per 
arm. These methods have been combined to 
achieve MMR control objectives [7]. 

Fig. 4  Discontinuous modulation index control, where 
K is the number of constantly inserted submodules per 
arm and Nsub is the total submodules per MMC arm.
To overcome the drawbacks of frequency variation, 
Ref. [6] proposes phase shift control, where 
increasing phase shift angles at waveform edges 
reduces the fundamental component magnitude 
and output voltage. With a fixed operating 
frequency, a larger magnetizing inductance can be 
used, minimizing magnetizing current losses. 
When combined with discontinuous modulation 
index control, it achieves higher efficiency than 
frequency variation control [7]. 
However, as analyzed in Section IV, a fixed, small 
phase shift angle better reduces output resonant 
current THDi and power loss. Additionally, 
discontinuous modulation index control is limited 
by the number of submodules per arm. Systems 
with fewer submodules, such as five, experience 
large discrete steps, which phase shift control
cannot fully compensate for, increasing switch 
count, system complexity, and cost.

3 MMR-SST Proposed Control 
Method

Existing methods combine frequency variation or 
phase shift control with discontinuous modulation 
index control, resulting in multiple control loops 
and increased FPGA implementation complexity. 
A continuous modulation index control method 
with a single control variable is proposed in this 
section, ensuring equivalent controllability.

3.1 Proposed Modulation Method

Fig. 5  Continuous modulation index control. Narm

represents the commanded submodule count per arm, 
with k ensuring continuous modulation. (a) shows a 
general case, while (b), (c), and (d) illustrate k = 1.2, 1.8, 
and 2.

The modulation index control in Fig. 4 has inherent 
discontinuities, forming a stair-step pattern linked 
to the discrete control parameter K. In contrast, Fig. 
5 depicts a double-step staircase modulation 
scheme that ensures seamless modulation index 
adjustment. As the waveform levels gradually 
decrease, both the uppermost and bottom steps 
shrink until they disappear  A 180° phase shift 
between upper and lower arms is maintained for 
correct operation.
This modulation approach ensures waveform 
symmetry, keeping Nsub submodules engaged in 
each leg. The shape factor k is used to define 
continuous modulation, analogous to K in Fig. 4
which is discontinuous modulation. However, 
unlike Fig. 4, where Nsub+K submodules are 
inserted per leg to suit the varying DC voltage, the 
proposed method is more suitable for applications 
with stable input voltage, such as hydrogen 
electrolyzers. When k is not an integer, it 
represents fractional step lengths in the waveform.
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Equation (2) defines the parameters shown in Fig. 
5(a): 

The fractional part of k is given by rem(k,1), while 
floor(k) and ceil(k) return the nearest lower and 
upper integers, respectively. The uppermost level 
N1 aligns with N2, and the bottom level N4 aligns 
with N3. Fig. 5(b)-(d) illustrate different k values for 
Nsub = 14. The phase shift angle 1 is maintained 
at 10° in the following sections.

As grows, the amplitude of the fundamental 
harmonic in the modulation waveform diminishes, 
reducing the MMR output voltage. Unlike 
frequency modulation in LLC converters, the 
proposed continuous modulation index control 
fixes the operating frequency at the resonant 
frequency. This enables flexible resonant unit 
design and reduces losses by allowing a larger 
MFT magnetizing inductance.

3.2 Gate Signal Generation and Current 
Control Loop

The proposed waveform modulation method is 
decomposed into gate signals for individual 
submodules, as shown in Fig. 6. There are five 
submodule statuses:

1. Half-Inserted: Gate signals G1 to Gk1
operate at a 50% duty cycle per 
fundamental period, with a total number of 
k1 = Nsub - 2*ceil(k). A small phase shift is 
applied to reduce dv/dt.

2. Fully Inserted and Fully Bypassed: Gate 
signals Gk1+1 to Gk1+k2 and Gk1+k2+1 to Gk1+2k2
keep submodules either continuously 
inserted or bypassed, where k2 = floor(k). 

3. Short-Inserted and Short-Bypassed: Gate 
signals GN-1 and GN define the upper and 
lower steps of the modulation waveform.

Fig. 1 illustrates the continuous modulation index 
control process. The shape factor k is modified
based on feedback from two electrolyzers, 
averaging their currents and comparing them to 
the target. A PI controller processes the error to 
update k, generating gate signals. Before sending 

signals to the MMC, a voltage balancing algorithm
reassigns gate signals based on capacitor voltage 
variations, ensuring optimal charge distribution 
among submodules [7]. 

Fig. 6  Double-step staircase waveform modulation
gate signals generation. 

4 Simulation Results Compared 
to previous method

Table 1  Simulink model key parameters

An MMR-based SST with a power loss model was 
implemented in Matlab/Simulink to validate the 
proposed modulation and control strategy, 
following the design and modeling approach in [9]. 
System parameters are listed in Table 1. The 
switching devices ASENERGI D141-100, 
SKM50GB12T4, and ASENERGI D171-500 are 
used in the 50 Hz DRU, MMC, and MF DRU, 
respectively. The input voltage is 6.6 kV, with an 
output current range of 0–750 A and a 1.3 p.u. 
overcurrent capability (up to 1000 A). The system 
delivers 240 kW, with each electrolyzer receiving

Parameter Simulink Model
Input AC voltage Vin 6.6 kV
MFT turn ratio n 50
MFT leakage inductance Llk 5.3 mH
MFT magnetizing inductance Lm 1 H
Arm inductance Larm 2 mH
Resonant capacitance Cr 6.7 F
Resonant frequency fr 1000 Hz
Output capacitance Co 8 mF
Electrolyzer rated current Ioutr 750 A
Electrolyzer rated power Poutr 120 kW
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120 kW. The electrolyzer load follows Uout = Iout × 
. 

The steady-state waveforms with the proposed 
control are shown in Fig. 7. In Fig. 7(a), the output 
current setpoint is 190 A and corresponding shape 
factor k is 3.3, introducing upper and lower steps 
in the arm voltage. At low power levels, the MMC 
resonant currents become non-sinusoidal with 
high THD due to DRU discontinuities. In Fig. 7(b), 
arm voltages form trapezoidal waveforms, and 

MMC output currents are nearly sinusoidal with 
low THD. The MMR output current remains stable, 
meeting electrolyzer requirements. 
Fig. 8 illustrates the dynamic response. Fig. 8(a) 
shows the system's response when the setpoint 
shifts from 600 A to 180 A. Minor oscillations 
appear, but the system stabilizes within 10 ms, 
confirming effective dynamic performance. In Fig. 
8(b), as output current decreases from 980 A to 0 
A, k increases from 0.5 to 4.5, demonstrating the 

Fig. 7 Steady-state waveforms with proposed control. (a) Shape factor k = 3.3, Iout = 190 A. (b) Shape factor k
= 1, Iout = 718 A.  

Fig. 8 Dynamic response of MMR-SST with proposed control. (a) Step response from 600 A to 180 A. (b) 
Gradual output current change from 980 A to 0 A as k varies.
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proposed method's stable and continuous 
operation across a wide range of operating points.

Fig. 9  MMR-SST loss comparison of two different 
control methods
Fig. 9 shows the power loss breakdown at rated 
current, highlighting differences in MMC 
conduction losses, MF DRU losses, and MFT 
winding losses due to current THD. The phase 
shift and discontinuous modulation index control 
incurs 8034 W of losses, while the proposed 
method reduces this to 7308 W—a 10% decrease, 
potentially lowering heatsink and chiller costs [9]. 
With a 10° phase shift, the proposed method 
achieves a resonant current THDi of 4.3%, versus 
27.9% for the 80° phase shift in the existing 
method. The power loss reduction is mainly due to 
the lower phase shift angle (10° vs. 80°), which, as 
observed, leads to a lower resonant current THDi
(4.3% vs. 27.9%), since a larger phase shift angle 
tends to increase THDi. 
5 Conclusion
A novel control strategy is proposed in this paper 
for modular multilevel resonant converter-based 
solid-state transformers designed for hydrogen 
electrolyzers. The proposed continuous 
modulation index control, utilizing a double-step 
staircase waveform, simplifies control design while 
ensuring effective regulation. By operating at the 
resonant frequency with a low phase shift angle, 
the method reduces magnetizing current, lowers 
resonant current THD, and decreases power 
losses by 10%. Simulation confirms improved 
efficiency, fast dynamics, and suitability for 
medium voltage electrolyzer systems.
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