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ABSTRACT

This paper proposes a mathematical estimation-based strategy for Submodule (SM) capacitor voltage
balancing in Modular Multilevel Converters (MMCs), with the objective of suppressing circulating
currents and improving energy efficiency in hydro pumping applications. The method derives the SM
voltage reference from the estimated capacitor energy ripple instead of a fixed capacitor voltage reference,
enabling adaptive suppression of circulating currents and improved energy efficiency. Simulation studies
confirm that the method effectively balances capacitor voltages, suppresses circulating currents, and
enhances current quality. Compared with the conventional balancing scheme, the proposed method
reduces the Total Harmonic Distortion (THD) of arm currents from about 11% to 7% and increases
converter efficiency from 93% to nearly 98% at rated load. The efficiency improvement becomes more
evident under high-load conditions, confirming the scalability and adaptability of the proposed approach
across various operating ranges. It enhances converter performance and reliability while significantly
improving energy utilization. These advantages make the method a practical and efficient solution for
MMC-based hydro pumping systems.

Keywords-improved submodule voltage balancing; submodule voltage ripple estimation; mini-hydropower

pumping system; modular multilevel converter

I.  INTRODUCTION

The MMC has become one of the most promising
multilevel converter topologies for medium- and high-voltage
applications. Its modular structure, high efficiency, excellent
harmonic performance, and inherent redundancy make it
superior to traditional two-level and three-level converters [1-
3]. Owing to these advantages, MMCs have been widely
deployed in various fields, including motor drives [4-6], High-
Voltage Direct Current (HVDC) transmission systems [7-10],
and flexible AC transmission systems such as Static
Synchronous Compensators (STATCOMs) [11-13].

Despite these merits, MMCs face inherent challenges
associated with circulating currents that flow within the
converter arms due to voltage differences among the converter
legs [14]. Although such currents do not directly affect the AC-
side voltage or current waveforms, they lead to increased
capacitor voltage ripple, higher semiconductor losses, and
additional thermal stress, all of which reduce the overall
efficiency and reliability of the system. To address these issues,
significant research efforts have been dedicated to developing
circulating current suppression strategies. For example, the
combination of predictive control with proportional-resonant
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regulators has been proposed to effectively reduce circulating
components in Half-Bridge (HB)MMCs [15]. Passivity-based
integral sliding mode control has also been introduced in
multiphase wind power systems to suppress -circulating
harmonics with improved robustness [16]. For medium-voltage
back-to-back MMCs, Lyapunov-function-based approaches
have demonstrated substantial improvements in circulating
current reduction [17]. Furthermore, improved Nearest Level
Modulation (NLM) techniques have been shown to enhance
output voltage quality and reduce harmonic distortion in MMC,
while maintaining low computational complexity and practical
feasibility for real-time implementation [18]. Collectively,
these studies underscore the continuous progress in controlling
circulating currents; however, most existing works concentrate
on HVDC, wind energy conversion, or general grid-connected
applications, whereas considerably less attention has been
given to pumping systems, where MMCs could also provide
significant benefits.

In mini-hydropower plants, pumping systems play a vital
role in regulating reservoir water levels, supporting irrigation,
and maintaining water supply for rural communities [19-22].
The operation of these pumps is characterized by the head—
flow (H-Q) relationship, where the available water head
decreases as the discharge flow increases. This nonlinear
hydraulic behavior directly affects the motor torque and power
demand, which vary significantly with changes in water level,
flow rate, and seasonal conditions. As a result, variable-speed
operation is required to maintain optimal pumping efficiency
and system stability. These varying hydraulic loads place
stringent performance requirements on the converter's dynamic
response and efficiency. Conventional converter topologies,
including two-level or NPC structures, often face difficulties
under such conditions due to high switching losses, limited
scalability, and poor harmonic performance. In contrast, the
MMC offers excellent scalability, low harmonic distortion, and
high efficiency, making it a promising and energy-efficient
solution for variable-speed hydro-pump drives in modern mini-
hydropower applications. Motivated by these challenges, the
present study proposes an enhanced SM voltage balancing
strategy specifically designed for MMC-based pumping
systems in mini-hydropower plants. In conventional control
schemes, the circulating current reference is generally derived
from the output of a PI regulator acting on the deviation
between the capacitor voltage reference and its measured value.
Such an approach is inherently limited by the accuracy with
which the reference voltage can approximate the actual
capacitor dynamics, thereby introducing steady-state errors that
propagate into the circulating current control loop. To
overcome this limitation, the present work develops a refined
mathematical model for SM capacitor voltage estimation,
enabling a more precise generation of the circulating current
reference. By aligning the reference more closely with the
actual capacitor behavior, the proposed method effectively
suppresses circulating currents, reduces internal losses, and
enhances overall energy efficiency.

The wvalidity of the approach is substantiated through
comprehensive simulations in MATLAB/Simulink, confirming
its effectiveness and practical deployment for mini-hydropower
pumping systems. Additionally, Hardware-in-the-Loop (HIL)

validation using OPAL-RT is planned for future work to
further evaluate its real-time feasibility.

II. MODULAR MULTILEVEL CONVERTER

A. Operating Principle

The schematic of a three-phase MMC is illustrated in
Figure 1. Each phase leg, also referred to as a converter arm, is
split into an upper arm and a lower arm. The upper arm is
connected to the positive DC bus, while the lower arm is
connected to the negative DC bus. Each arm consists of N,
identical SMs along with an arm inductor (Lam), which serves
to suppress circulating currents caused by voltage imbalances
between the two arms. In this study, the SM is implemented as
an HB cell, containing two IGBTs (S}, S2), their corresponding
anti-parallel diodes, and a DC storage capacitor (Cyc).

X--

Fig. 1.

Circuit configuration of a three-phase MMC.

For the analytical modeling and derivation of the proposed
control strategy, the three-phase output voltages (v,) and
currents (i) of the MMC are assumed to be sinusoidal,
balanced, and symmetrical under steady-state operating
conditions [3]. The instantaneous phase voltages and currents
can be expressed as:

Vo =V cos(a)t+5j)
1
ioj:chos(a)t+§j—¢j) W

where v,; and i,; denote the instantaneous voltage and current of
phase j (with j = a, b, ¢). The parameters V; and I; represent
their respective amplitudes, while d; is the initial phase angle of
each phase, typically set to d, = 0, d» = 2n/3, and 6. = —2n/3.
The variable ¢; denotes the phase displacement between the
voltage and current of phase j.

By applying Kirchhoff's Voltage Law (KVL) to each arm
of the MMC, the instantaneous voltages of the upper arm and
lower arm can be expressed, as shown in (2). Substituting the
expressions of the three-phase output voltages and currents
from (1) into the KVL equations allows the explicit analytical
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forms of the upper-arm voltage v;, and lower arm voltage v; to
be derived, as given in:

1

Viu =5 VDC Vo)
2

Vil =5 'pc Vi

1
Vi =EVDC—Vjcos(a)t+5j)

1 3)
Vi :EVDC +Vjcos(a)t+5j)

where v;, and vy denote the voltages of the upper and lower
arms in phase j, and VDC is the total DC-link voltage.

Similarly, the instantaneous arm currents of each phase leg
can be defined based on the current distribution between the
converter arms, as presented in (4). The circulating current
component, given in (5), represents the average of the upper-
and lower-arm currents and primarily results from voltage
imbalances between the converter arms as well as energy
storage dynamics in the arm inductors and SM capacitors:

. 1, .
Liju :Eloj +cirj
4
. 1, . @
=775 *lcirj
. 1. .
iei :E(lf” +zﬂ) (5)

where i, and i; are the upper and lower arm currents of phase j,
while i.;,; denotes the corresponding circulating current.

B. Research Background on SM Capacitor Voltage Balancing

In conventional MMC control schemes, the circulating
current reference of phase j (i) is typically derived from the
regulation of the average SM capacitor voltage, as described in
(6). In this classical approach, a Proportional-Integral (PI)
controller adjusts the circulating current reference so that the
measured average capacitor voltage tracks a fixed reference
value, which corresponds to the rated SM capacitor voltage
[14]. Although this method is simple and widely implemented,
it inherently assumes that the reference capacitor voltage
remains constant, irrespective of instantaneous load variations
or arm energy fluctuations. This constant-reference assumption
neglects the dynamic behavior of capacitor voltage ripples
caused by the power exchange between the upper and lower
arms, which results in incomplete circulating current
suppression and increased energy imbalance among SMs. To
overcome these limitations, the current study proposes a novel
mathematical estimation—based capacitor voltage balancing
method that adaptively updates the reference voltage according
to real-time variations in the capacitor stored energy. Instead of
relying on a static voltage reference, the proposed approach
continuously estimates the instantaneous SM capacitor voltage
ripple (Vppjes¢) using the analytical model derived from arm
power and energy dynamics. By aligning the voltage reference

more closely with the true capacitor dynamics, the proposed
strategy achieves precise suppression of circulating currents,
minimizes unnecessary internal power exchange, and
effectively equalizes the energy distribution among SMs.

i :(KP +T’j(vc —vcj) ©)

III. PROPOSED ESTIMATION-BASED SM VOLTAGE
BALANCING CONTROL

A. Mathematical Model of SM Capacitor Voltage Reference

Using the arm voltage expressions defined in (2) and the
corresponding arm current definitions given in (4), the
instantaneous power of the upper and lower arms, denoted as
Pj, and Pj, are formulated in (7) and further expanded in (8).
These power expressions capture the instantaneous power
transfer between the DC link and each converter arm,
encompassing both the external AC power delivered to the load
and the internal circulating power components within the
MMC:

1 1. .
P, = [EVDC _vojj(aloj + lcirjj o
1 1. .
Py = 5 Ve +Vo; X T lcirj
1 . . 1 . .
Py ==Vpcleirj == Vojloj +—VDCloj = Vojleirj
2 2 4 ®)
1 . . 1 . .
Py = EVDClcirj = Vojloj _ZVDCloj HVoilciry

where Pj, and Pj represent the instantaneous power of the
upper and lower arm in phase j, respectively.

Based on the power balance criteria between the DC side
and the AC side of the converter, the circulating current i.;,; can
be obtained as expressed in:

; Vojloj
cirj — v
DC

&)

By substituting the expressions for the three-phase output
voltages and currents from (1) and the decomposed power
components from (9) into (8), the instantaneous power of the
upper arm can be expressed explicitly as given in (10). To
further quantify this behavior, the ripple component of the
upper-arm power, Pj, i, 1S integrated over time to obtain the
corresponding energy ripple stored in the upper arm, denoted as
Ejumi, as expressed in (11). Similarly, by applying the same
procedure to the lower arm, the lower-arm energy ripple, Eji i,
is derived as given in (12). Based on (12) and (13), the total
phase energy ripple in phase j, denoted as Ej ., is obtained by
taking the difference between the energy ripple of the upper
and lower arms, as expressed in (14). This subtraction reflects
the instantaneous energy imbalance between the two arms of
the same phase, which is the main cause of capacitor voltage
fluctuations within the converter:
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2
Vpoc  Voj
Pyl = R Ijcos(@t+5;-¢;)  (10)
Voo Ve
_|Ypc __ Yo |} vy
Ejyrpr = o @V Ijsm(a)t+5j ¢j) (11)

_| Ypoc | VYo .
Ejl,rpl_ _E'f'@ Ijsm(a)t+5j—¢j) (]2)
Ej,rpl = Eju,max - Ejl,max
Vpcl (13)
2w

(14)
=N sm Cdc chV pp

Finally, by combining the analytical relationships
established in (14) and (15), the peak-to-peak voltage ripple of
the SM capacitor, denoted as 4v,, is derived and presented in
(15). Building upon this relation, the practical estimation of the
SM capacitor voltage ripple is subsequently defined in (16),
where vy, o, represents the estimated reference value for the

SM capacitor voltage in phase j:

A d (15)
V =
rp 2Cdca)
*
Vphj,ext = Vc,rated + Avpp (16)

B. Proposed Improved SM Capacitor Voltage Balancing

The presence of circulating current remains one of the most
critical challenges affecting the system performance of the
MMC. These internal currents flow between the upper and
lower converter arms and, although they do not contribute to
external load power, they lead to additional conduction and
switching losses, increased capacitor voltage oscillations, and a
consequent reduction in overall energy efficiency. Therefore,
the accurate mitigation of such currents is essential to ensure
stable operation and optimal utilization of stored energy in the
SM capacitors. To address this problem, this paper proposes a
novel estimation-based capacitor voltage balancing strategy in
which the reference voltage of the SM capacitor is not treated
as a constant but is dynamically estimated using the
mathematical ripple model derived in (16).

Unlike conventional balancing methods, where the
reference voltage is fixed at Vy/Ny, and cannot reflect
instantaneous arm energy variations, the proposed approach
introduces an adaptive reference formulation that explicitly
incorporates the capacitor voltage ripple component Av,,. This
ripple term is computed from the estimated arm energy
fluctuation Ej;,, providing a real-time representation of the
converter's internal energy state. As a result, the MMC can

continuously track and compensate for instantaneous arm
energy imbalances, thereby suppressing the dominant
components of circulating current that arise from the dynamic
power exchange between converter arms.

The pseudo-code of the proposed dynamic voltage
reference estimation is shown in Figure 2. Starting from the
system parameters (Vac, Vj, Ij, Ngn, Cac), the instantaneous arm
energy ripple (Ej ) is estimated and used to compute the

dynamic voltage reference vy ... A supervisory decision

stage monitors the circulating current amplitude to determine
whether the suppression condition is satisfied. If the circulating
current remains above the predefined threshold, the previous
voltage reference is retained to maintain stability; otherwise,
the optimized reference is updated for the next control cycle.
This adaptive loop ensures both stability and responsiveness
under varying load and modulation conditions.

Algorithm: Dynamic voltage reference estimation

input: V., v, i, Now, Cac
output: Optimized dynamic voltage reference (v, os¢)
start:

1 Compute upper- and lower-arm power:

Prt) = vu(t). 1), Prf(t) <= vu(0).in(t)
Integrate power ripple to energy ripple:

Eju,rpl(t) - f a'u(t)dt" E}L"P?(I} - fﬁi (t)dt
Compute total phase energy ripple:

E; () < B rpi(1) - Ejupt)
Estimate SM capacitor voltage ripple:

Avgp — H(Ej (1), Cae)
Generate dynamic SM voltage reference:
v;hj.est - Vdf/Mm + Al}’}?
9 Circulating current suppression check:

if (|icir;(£)] < itnresnora) then
Vc*:(f) - u;hj,est(t)
else ve(t)=vp(t —1)
End if
10 Output v}

phjest

N o W

o ~a &

End

Fig. 2. Pseudo-code of the proposed dynamic voltage reference estimation
based on circulating current analysis.

As depicted in Figure 3, the proposed control structure
integrates the average capacitor voltage regulation and
individual SM voltage balancing loops, both driven by the
estimated capacitor voltage reference derived from real-time
arm energy ripple. This adaptive reference enables the
controller to accurately follow capacitor dynamics, ensuring
effective suppression of circulating currents and uniform
voltage distribution among SMs. The estimation-based
balancing loops are closely coordinated with the Field-Oriented
Control (FOC), which manages dq-axis current regulation and
overall power exchange with the motor or grid. Through
PSPWM, the converter achieves uniform switching loss
distribution, smooth output voltage synthesis, and enhanced
overall energy efficiency under variable load conditions.
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Fig. 3.

By embedding the circulating current suppression
mechanism directly into the voltage balancing process, the
proposed  estimation-based control approach achieves
simultaneous improvements in voltage stability, loss reduction,
and overall energy efficiency. Simulation results confirm that
this integrated scheme effectively minimizes arm current
distortion, stabilizes SM capacitor voltages, and enhances
converter efficiency by approximately 5% compared with
conventional fixed-reference methods.

IV. SIMULATION RESULTS

The proposed circulating current reduction strategy was
validated through time-domain simulations of an MMC-based
hydro pumping system using the parameters outlined in Table
I. The simulations were performed for a PMSM-driven hydro-
pumping system rated at 4160 V, 250 A, 1000 rpm, and 5300
Nm. The representative machine and control parameters are Rs
=0.02 Q, Lqs = 2.5 mH, Lq = 2.7 mH, Apm = 3.33 Wb, ] =20
kg.m?, B = 0.1 Nms/rad, with a standard PI anti-windup
structure.

Figure 4 shows that the estimated reference accurately
tracks the actual capacitor voltages, maintaining balanced
fluctuations between SMs. This confirms that the proposed
model provides precise voltage reference estimation and stable
capacitor voltage distribution. When the conventional SM
voltage balancing method is applied, as displayed in Figure 5,
the arm currents exhibit considerable distortion due to the
presence of circulating currents. The circulating current
responses confirm that large oscillatory components are
introduced into the arms, leading to high THD levels of 11.2%
and 11.5% for the upper and lower arms, respectively. In
contrast, the results in Figure 6 demonstrate that the proposed
estimation-based method significantly improves the current
waveforms. The arm currents become more sinusoidal, while
the circulating current components are effectively suppressed.
Consequently, the THD values are reduced to 7.2% and 7.5%,

MMC

FOC Control

Proposed improved SM capacitor voltage balancing control based on the estimated SM capacitor voltage ripple.

representing a substantial improvement compared with the
conventional approach.

TABLE L SYSTEM PARAMETERS
Parameter Symbol Value
DC-link voltage Ve 7000 V
Number of SMs per arm N 4

Arm inductance Lam 1.5 mH
SM capacitance Cye 1500 uF
Switching frequency fow 2000 Hz
Rated motor voltage Vated 4160 V

Rated motor current Liated 250 A
Rated motor speed W rared 1000 rpm
Rated motor torque Trated 5300 Nm

To evaluate the dynamic robustness of the proposed
estimation-based  control, additional simulations were
performed with step changes in load torque, representing
variations in hydraulic head. Figure 7 shows that when the load
increases or decreases at t = (0.2 s, the circulating current
exhibits short transients but rapidly returns to its steady-state
value within one fundamental cycle. A DC-link voltage dip
scenario was simulated to examine converter performance
under severe operating disturbances. Such voltage drops
frequently occur in grid-connected or hydro-pumping systems
due to load transients or grid faults, making them a relevant test
of controller resilience. Figure 8 illustrates the converter
response when the DC-link voltage suddenly reduces from
7000 V to 5000 V at t = 0.30 s. As portrayed in Figure 8(a), the
upper- and lower-arm currents iy, i, Show a transient distortion
immediately after the voltage dip but remain bounded and
rapidly recover to a stable operating condition. Figure 8(b)
presents the circulating current i, and its reference i ;... The
DC voltage dip leads to relatively high THD levels of 12.1%
and 11.3% for the upper and lower arms, respectively, as
depicted in Figure 8(c). The proposed estimation-based
balancing controller promptly compensates for the disturbance,
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limiting the overshoot to about 20% of the steady-state
amplitude and restoring steady operation within approximately
0.06 s, as shown in Figure 8(b). Additional robustness tests
were carried out under sudden variations of the DC capacitor
and arm inductor.

2500
=
2 2000 + K
> 1500
b 1000 J pha.cst Velap Ve2ap Veaap Vedap L
0 0.05 0.1 0.15 0.2
2500
o
3 MMMJ\MAJ
= 1500 - g
&
1000 1 Vphu.est VelaN VezaN Ve3aN Ve 4aN
[} 0.05 0.1 0.15 0.2
Time [s]

Fig. 4. Simulated SM capacitor voltage waveforms of: (a) upper and (b)
lower arms using the proposed estimation-based control.

Tim-e (8]
THD (I,,) = 11.2%, THD (I,) = 11.5%

0 50 100 150 200 250 300
Frequency [Hz]

Fig. 5. Responses of the conventional SM voltage balancing method [14]:
(a) arm currents, (b) circulating currents, (¢) THD of arm currents.

=
g
=
=
E
=

0 0.05 0.1 0.15 0.2

Time [s]
200 THD (I,) = 7.2%. THD (I} = 7.5%
[

& 200 —IME
=
= 100

o I

0 50 100 150 200 250 300

Frequency [Hz]
Fig. 6. Performance of the proposed improved SM voltage balancing

control: (a) arm currents, (b) circulating currents, (c) THD of arm currents.

500
400
300
200
100

(a) Ly [A]

(b) L [A]

Time [s]

Fig. 7. Dynamic responses of the circulating current under variable-load
conditions: (a) load increase, (b) load decrease.
TABLE IL LOSS MODEL
Loss component Symbol Calculation method
IGBT conduction Peond.iGBr Peonaicsr
Diode conduction Ponip Peondp
Switching loss Py Py,
Capacitor ESR loss Prsg 1 rimsResk
Arm copper loss Py 1ZrmrmsRam
Control overhead Pun 0.3% P atea

As displayed in Figure 9, reducing Cy by 30% at t =0.10 s
produces a short circulating current transient with about 25%
overshoot and a settling time of roughly one cycle, while the
RMS value quickly returns to nominal. Increasing Lam by 30%
at t = 0.20 s results in a smaller overshoot (*20%) and similar
settling behavior. In the steady-state interval (t > 0.20 s), the
arm-current THD remains low (*6.1% and 5.5%), confirming
that the proposed method preserves current quality and
maintains stable operation even under substantial parameter
deviations.

600
=400
2 200
= 0
= -200 AR LA
-400 L L L L L
0.1 0.2 0.3 0.4 0.5 0.6
= 400
= 200
0 !
] 0.1 0.2 0.3 0.4 0.5 0.6
Time [s]
IHD (11“1 = 12.1%, THD cIﬂ: = 1I. 3"
300 "
- -1|
£ 200f —InE
=
S 100 r II 1
o'““ [ [ P | Iy | S SR S
100 150 200 250 300
Frequency [Hz]
Fig. 8. Dynamic response under DC-link voltage dip: (a) arm currents, (b)

circulating currents, (c) THD of arm currents.
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The benefits of the proposed method are also reflected in
the overall converter efficiency. As shown in Figure 10, the
proposed scheme maintains higher efficiency across the entire
load range and reaches nearly 98% at rated load, compared to
about 93% for the conventional method [14]. The efficiency
gap widens as load increases because circulating-current
suppression becomes more impactful at medium and high-
power levels. Under rated conditions, the proposed controller
yields an absolute improvement of approximately 5%,
confirming its suitability for hydro-pumping systems with
varying load demands. To demonstrate practical relevance, a
simplified hydraulic model (H-Q and n—Q) and a typical 24-h
operating profile were combined with the efficiencies in Figure
10, resulting in an estimated 5.1% daily energy saving, as
detailed in Appendix A.

To enhance transparency in efficiency evaluation, Table 11
summarizes all loss components considered in the converter
model, including conduction, switching, ESR, arm copper, and
control overhead. The MMC employs Infineon FF600R17ME4
IGBT modules (1700 V, 600 A) operating at a switching
frequency of 2 kHz. Switching losses were computed from
datasheet energy-per-event parameters (Eon, Eoff, Erecovery)
scaled by the simulated RMS current. The total converter
efficiency was evaluated as expressed in:

(2) Liow [A]

(b) L [A]

0 0.05 0.1 0.15 02 025 0.3
Time [s]

THD (I,) = 6.1%, THD (I,) = 5.5%

300

100 + “ II 1
;II “ II ll " “ L mn a- T B A A —

200 250 300

(c) I‘HI)

Frequency [Hz]

Fig. 9. Dynamic response under variations of the DC capacitor and arm
inductance: (a) arm currents, (b) circulating currents, (c) arm-current THD.

P
7= (17)
P:mt + R‘ond + P + P;ESR + R‘u + P:‘lrl
TABLE IIL COMPARATIVE ANALYSIS OF CIRCULATING CURRENT SUPPRESSION METHODS
Criterion MPC / optimization-based control [23, 24] Passive harmonic filtering (2nd—| Proposed estimation-based

4th order) [25]

voltage balancing

Main control principle

Predictive or optimization-based current and
voltage regulation

Harmonic attenuation using tuned
LC filters

Adaptive SM voltage reference
estimation

Implementation complexity

Very high — requires precise modeling and
heavy computation

Low — simple passive components

Moderate

Adaptability to load variation

Limited by model accuracy

Fixed tuning; poor adaptability

High — dynamically adjusts
reference

Circulating current suppression

High, but computationally costly

Indirect and limited

High — achieved via real-time
ripple estimation

Suitability for mini-hydro systems

Limited due to complexity and cost

Limited due to size and
maintenance

Highly suitable; low-cost,
scalable, adaptive

n [%] Energy Efficiency
100
98
96
94 — T
92 ,,.f//'r
—

90 —
38 Pload[kW]

0 500 1000 1500 2000

= Proposed Method  =——Conventional Method
Fig. 10. Comparison of overall converter efficiency versus load power

between the proposed estimation-based control and the conventional
balancing method [14].

V. DISCUSSION

A. Economic Feasibility and Practical Adoption

Although MMCs were initially designed for high-voltage
systems, advances in SiC and IGBT technology have reduced
their cost and size, making them suitable for medium-voltage
(3-10 kV) drives below 1 MW [10]. In hydro-pumping
applications, the MMC modularity and redundancy enhance
reliability and reduce maintenance downtime, offsetting the
higher initial cost. Lifecycle analyses also show that MMCs
offer lower total ownership cost than conventional inverters
due to higher efficiency and reduced thermal stress [26].

B. Scalability and Implementation Aspects

The modular MMC structure enables easy scalability by
varying the number of SMs per arm, allowing the same control
framework across different power levels. Because the proposed
control is purely estimation-based and requires no extra sensors
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or filters, it can be readily implemented in simulation and real-
time platforms such as OPAL-RT.

C. Comparative Performance and Practical Feasibility

Table III compares the proposed estimation-based control
with MPC and Passive Filtering. Passive LC filters reduce low-
order harmonics but are bulky and unsuitable for variable loads
[25], while predictive control offers accuracy at high
computational cost [23, 24]. The proposed method provides a
practical ~ compromise—achieving  adaptive = harmonic
suppression and circulating current reduction without
additional hardware, making it well suited for MMC-based
hydro-pumping systems.

D. Limitations and Future Work

While simulation results are promising, several non-ideal
hardware effects—such as switching delay, semiconductor
drift, and capacitor tolerances—may affect voltage estimation
accuracy. Furthermore, the present study simplified the
hydraulic behavior by emulating variable load torque, rather
than modeling the full nonlinear H-Q characteristics. Future
work will address these aspects through HIL testing and
prototype validation using an OPAL-RT platform, with the aim
of refining both the estimation algorithm and its integration

with a realistic hydro-turbine for MMC-based mini-
hydropower applications.
TABLEIV. SYMBOLS AND UNITS
Symbol Description Unit
Ve Dc-link voltage \Y
Viw Vit Upper and lower arm voltages of phase j \
L, i Upper and lower arm currents of phase j A
Lirj Circulating current of phase j A
Larm Arm inductance H
Cye SM capacitor F
Eiwrp, Eitpt Energy ripple in upper/lower arm of phase j J
Avyy Peak-to-peak capacitor voltage ripple \
Ny Number of SMs per arm -
fow Switching frequency Hz
P, pit Power of upper and lower arms W
n Converter efficiency %

VI. CONCLUSIONS

This study proposed a mathematical estimation-based
strategy for Submodule (SM) voltage reference generation in
Modular Multilevel Converters (MMCs) for hydro pumping
systems. By adaptively reducing the circulating current
reference, the method effectively suppresses circulating
currents and improves arm current quality. Simulation results
show a Total Harmonic Distortion (THD) reduction from about
11% to 7% and an efficiency increase of nearly 5%, reaching
98% at rated load. These results confirm that the proposed
control enhances MMC performance and enables higher energy
efficiency in practical hydro pumping applications.
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APPENDIX A

A simplified hydraulic model was added to link the
converter performance to the mini-hydropower pumping
system. The pump head—flow relation and the hydraulic power
are approximated as expressed in:

H(Q)=H,-kQ’ (18)
Fya = p8QH(Q) (19)

where Hy represents the shut-off head (m), Q is the discharge
capacity (m?/s), and k is the loss coefficient (ms?>/mS), with p =
1000 kg/m? and g = 9.81m/s%. The pump efficiency follows a
quadratic curve:

n(Q) = a, + 4,0 +a,0* (20

A 24-h operating profile typical of irrigation systems (low
load at night, two daily peaks at 80-90%) was used to estimate
energy consumption. Using the converter efficiencies obtained
from Figure 10 (baseline ~ 93%, proposed ~98%), the
estimated saving is calculated as in:

12993 o051% @1
0.98

Assuming a 10 kW rated hydropower, pumping station
operating 24 h per day at an average 90 % load, the daily
hydraulic energy is about 216 kWh. Applying this 5.1% saving
gives an energy reduction of ~ 11 kWh/day, or ~ 3.3
MWh/year.
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