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Reliability-Oriented Adaptive Switching Frequency
Scheme for Modular Multilevel Converters

Yi ZHANG, Yaqian ZHANG, and Zhongxu WANG

Abstract—Modular multilevel converters (MMCs) are widely
utilized in medium voltage grid-connected applications, typical-
ly employing carrier phase shift modulation. However, the high
switching frequency associated with this modulation scheme often
increases power losses and thermal stress on semiconductor de-
vices, negatively impacting their efficiency and reliability. In this
paper, we propose an adaptive switching frequency scheme that
divides the carrier frequency into several discrete zones based on
load conditions. Through analytical evaluation of the carrier fre-
quency, our proposed method optimizes it to meet power quality
and capacitor voltage ripple requirements, effectively reducing
power losses and thermal stress. A simulation case study based
on a 15-MVA MMC demonstrates a remarkable 21% reduction
in annual power losses and a 12% reduction in annual damage,
thereby improving efficiency and reliability. Additionally, experi-
mental measurements conducted on a 15-kW downscale platform
validate around 10% reduction in power losses while fulfilling
power quality and capacitor voltage ripple requirements.

Index Terms—Efficiency, modular multilevel converters
(MMCQ), reliability, switching frequency, thermal stress.

1. INTRODUCTION

ODULAR multilevel converters (MMC) have

advantages in medium-voltage (MV) applications such
as scalability, low dv/dt [1], [2], etc. However, the reliability of
MMC is a critical aspect to consider, primarily due to a large
number of insulated-gate bipolar transistors (IGBTs) [3], which
are exposed to severe thermal stresses [4].

To enhance the reliability of the MMC, various methods
have been proposed to manage thermal stress [5], [6]. For
instance, in [7], [8], temperature balancing control techniques
are introduced to alleviate thermal imbalances among
different sub-modules (SMs). Another approach presented in
[9] involves regulating the dc offset of modulation waves to
achieve balanced thermal stress on the upper and lower power
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devices within the same SM. However, a common challenge
faced by these methods is the requirement of accurately
estimating junction temperature as feedback to regulate thermal
stress, which relies on precise modeling of power losses
and thermal parameters [10]. Additionally, these modeling
parameters are difficult to obtain accurately and are subject
to uncertainties in practice, such as degradation, operational
conditions, and system-level thermal couplings [3].

In contrast to actively controlling the junction temperature, a
target of reducing power losses are more tangible for practical
systems. By focusing on adjusting key quantities that impact
power losses, the accurate estimation of power losses and
thermal stresses are eliminated. Power losses of the IGBTs
primarily consist of conduction and switching losses [11],
[12]. A typical approach is thus to suppress the harmonic
components in the arm current [13]-[15] to reduce conduction
losses, but these methods can lead to increased capacitor
voltage ripples [16]. Another perspective is to focus on
reducing switching losses, which constitute a larger proportion
of total power losses, particularly in the MV applications
utilizing carrier-phase shift pulse width modulation
(CPSPWM) [17], [18]. Lowering the carrier frequency can
reduce switching losses, but it may also have implications
for other performance metrics, such as voltage balancing,
SM voltage ripple amplitude, and Total Harmonic Distortion
(THD) of ac current [19]-[21]. Therefore, the challenge lies
in optimizing between reducing switching power losses and
maintaining specific performance requirements for the MMC.

To simultaneously reduce power losses and meet specific
performance requirements, such as THD and maximum
allowable capacitor voltage ripple, this paper proposes an
adaptive switching frequency scheme for the MMC. The
scheme utilizes an analytical model to establish the relationship
between the carrier frequency and its impact on MMC
performance metrics under different operating conditions. By
setting desired THD and voltage ripple limits, the converter
power loading inputs are divided into several discrete zones
with optimal carrier frequencies. The effectiveness of the
proposed approach is validated through simulation based on
a oneyear mission profile and experiments on a down-scale
MMC prototype. Comparative analysis with the conventional
fixed carrier frequency modulation method demonstrates that
the adaptive frequency approach not only meets the operational
performance requirements of the MMC but also improves its
efficiency and reliability.
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Fig. 1. A typical grid-connected three-phase MMC system.

II. OPERATING PRINCIPLES OF MODULAR MULTILEVEL
CONVERTERS

A. System Description of MMC

Fig. 1 illustrates a general three-phase grid-connected MMC
topology with symmetric upper and lower arms in each phase.
In each arm, there is one arm inductor cascaded with N identical
half-bridge submodules (HBSMs). C,,, represents the SM
capacitance. In a phase, the arm currents are expressed as

. . ia ]d(' Is .

i,= i+ 2 =3—+ > sin(w, t+¢,)

. . Ls ]d(- L . (1)
L= L(:ir_jz?_?SIH(wl t+e,)

where i, represents the upper or lower arm currents, /. is the
dc current, and i is the ac output current with an amplitude
of I.. i, is the circulating current. @, denotes the angular
frequency and g, is the initial angle.

The upper and lower arm voltages (1, and u,) are

w,= léd" —u, = Iéd" [l—msin (wlt)}
u =%+u =%[l+m%in(w l)} @
n 2 o 2 h 1

where U,, denotes the dc voltage. m represents the modulation
index which is defined as U,/(U,/2). U, is the ac output
voltage amplitude. The dc voltage has Uy, = NU,, in which U
is the SM nominal voltage.

Since the arm voltage is evenly distributed among N SMs,
the output voltage of each SM is normalized as

upm:;—[ 1-mcos(w, t)}
1 ©)
Uyt =7~ [ l+mcos(w, t) }

Fig. 2. CPS-PWM modulation of MMC.

where u, ., and u, ., are the reference SM output voltage in the
upper and lower arms, respectively.

B. Conventional CPS-PWM Modulation

In MV MMCs, the CPS-PWM modulation is commonly
used to achieve high output current quality [17]. Fig. 2
illustrates the principle of the modulation wave (refers to (3)),
where an angular displacement of 2nt/N is defined for NV carrier
waves for each SM. Additionally, an angular displacement,
denoted as 0, also exists between the upper and lower arm
carrier waves, whose frequency and angular frequency are
defined as f; and w,, and shared by all SMs.

Typically, the carrier waves, including the carrier frequency
and the phase displacement, are fixed for an MMC system,
which is however not always optimal given varied operation
conditions. This paper will investigate the option of changing
the carrier frequency to reduce power losses and improve the
reliability of the MMC system.

III. PrROPOSED ADAPTIVE FREQUENCY SCHEME

This section presents an adaptive carrier frequency scheme
for the MMC that enhances operational efficiency while
meeting specific requirements under varying power levels.
The scheme primarily focuses on two critical aspects: output
current THD and SM capacitor voltage ripple. Both of these
performance metrics are significantly influenced by the
carrier frequency adjustment. The proposed approach aims to
dynamically adapt the carrier frequency according to the load
conditions, ensuring that desired targets for capacitor voltage
ripple and THD are achieved simultaneously.

A. The Relationship Between Carrier Frequency and THD

A Fourier series is employed to investigate the relationship
between the carrier frequency and THD of the MMC [17]. u,g,, i, g3,
and ug;, ¢, represent the fundamental component and harmonic
component of the ac voltage, ac current, and the grid voltage,
respectively. The output voltage of the SMs in the upper and
lower arms can be expressed as
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where u,,; is the i SM output voltage in the upper and lower
arm; J;, is the first kind Bessel function with the a-th and b-th
order harmonic components. Summing up all SMs, (2) is
rewritten as
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As a result, the ac voltage of MMC is given by
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where u, is the ac voltage; H(u,), is the amplitude of the
fundamental component; /(u,),, is the harmonic components.
In a three-phase MMC system, the output power is

=--H(u,)H(,), 7

where S denotes the apparent power. H(i,); is the fundamental
component amplitude of the output current, which has
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Fig. 3. Output current THD under different power loadings and carrier
frequencies. (a) Analytical and simulation results under two loading
conditions (cal.: calculated results by the proposed analytical model, sim.:
simulation results based on parameters in Table I). (b) Impact of carrier
frequency and power loading on the THD.
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Under an ideal grid condition, the output current harmonics
are driven by the corresponding harmonic components in u,
which has an amplitude of

H - s/ab

(L )4 bh™— (L /2+L ) (9)
where H(i,),, is the amplitude of a-th or b-th order harmonic
components in the ac current. L,,,, and L, are the arm and grid
inductance, respectively. Combining (8) and (9), the output
current THD can be derived as
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H(,),

s

THD(,)= (19)

Based on the analysis above, the relationship among
power level, carrier frequency, and ac current THD can be
depicted as in Fig. 3, where the current THD goes down as
the carrier frequency increases given a constant power level.
However, when the carrier frequency is fixed, the THD
increases sharply under light load. For instance, to satisfy a
standard THD requirement of 5% [21], the required carrier
frequency is 200 Hz for P, = 1.0 p.u., but it rises to 400
Hz for P, = 0.5 p.u.. Thus, to limit the THD within 5%, the
carrier frequencycan be adaptively adjusted by the following
expression
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Fig. 4. Analytical model of SM voltage ripple. (a) Analytical and
simulation results, where the orange region indicates the capacitor voltage
ripple above 10% while the green region is below 10%. (b) Impact of
carrier frequency and power loading on the capacitor voltage ripple.
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B. The Relationship Between Carrier Frequency and Capaci-
tor Voltage Ripple

According to [22], the SM capacitor voltage ripple can be
derived as,
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Its relationship with the carrier frequency and power level
is illustrated in Fig. 4. The voltage ripple is limited to 10%
and remains almost constant by keeping the carrier frequency
higher than 185 Hz under the unity power loading in Fig. 4(a).
With the decrease of the power level, the SM voltage ripple
goes down under the same carrier frequency as shown in Fig.
4(b). This indicates that 185 Hz is sufficient for the MMC to
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Fig. 5. Diagram of proposed adaptive frequency scheme and the result
based on the case study of Table I. P, is varied power level of the
system.

TABLE I
MMC PARAMETERS USED FOR CASE STUDY

Parameter Value Parameter Value
Power rating P 15 MVA SM number per arm N 8
SM rated voltage U=~ 2.5kV SM capacitance C_ 3.0 mF
DC-link voltage U, 20kV Arm inductance L 4.1 mH
Power factor 1.0 Case temperature 7. 40 °C
Modulation index m 0.9

maintain a 10% voltage ripple regardless of the power level.

C. Proposed Adaptive Switching Frequency Scheme

The detailed implementation of the adaptive switching
frequency scheme is depicted in Fig. 5 based on a case study
listed in Table I. The two performance requirements are to
always limit 5% THD and 10% capacitor voltage ripple while
adjusting carrier frequency.

Firstly, the power loading of the MMC is the input of this
scheme. The required carrier frequency can be derived through
offline calculation of (11) to achieve 5% THD under different
power levels and yield the blue dashed line depicted in Fig. 5.
Secondly, the capacitor voltage ripple is evaluated using (12),
resulting in the purple dashed line.

Those three dashed lines give the selection boundary
of carrier frequency, where the THD requirement takes
precedence and requires a higher frequency. In order to avoid
frequent adjustment of carrier frequency in practice, the
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TABLE II
CURVE FITTING RESULTS OF THE RELATIONSHIP AMONG CARRIER FREQUENCY, JUNCTION TEMPERATURE, AND POWER LOADING

F(P Ioad) a, a, F (fL) a, as

ATs, @351z 1.211 x10° 6.345 x10° ATs,@05p 0.607 x102 1.413 x10°
ATs,@asonz 1.109 x10™! 8.119 x10° ATs @1 1.368 x1072 3.119 x10°
T, syasshe 5.480 x10° 3.456 x10' 4.0 x10! T, sxa0.5pu 4.191 x102 4.459 x10!
T, syaadontz 5.386 <1072 4.404 x10! 4.0 10! T, s,@ip 8.824 %1072 5.192 10!
P @ 4.190 <10 1.230 x10° s @0.5pu 1131 x10° 1.150 <10
P, asons 3.777 X10° 9.650 x10° o @lpu 2.199 x1(? 2.930 x10*

theoretically continuous carrier frequency is discretized into
several levels based on power loading change of every 0.1 p.u.,
represented by the staircase lines in Fig. 5 for this case study.

IV. CoMPARISON OF THE PROPOSED METHOD AND
CONVENTIONAL FIXED FREQUENCY SCHEME

In this section, a comparative analysis is conducted between
the proposed adaptive switching frequency scheme and the
conventional fixed frequency scheme. The evaluation is
performed on an MMC system connected to an offshore wind
farm, using the converter system parameters specified in Table
1. The assessment focuses on the reliability performance of the
MMC over a one-year mission profile. The detailed evaluation
process is in accordance with our previous work [3].

The evaluation process in this paper can be summarized into
two aspects. Firstly, numerical relationships between power
losses, thermal loading, power levels, and carrier frequency
are established by fitting simulation results. This curve-fitting
process allows us to quantify the impact of various factors
on power losses and thermal stress. Secondly, based on these
numerical relationships, an annual mission profile for the
MMC system is utilized to compare the performance of the
conventional and proposed switching frequency schemes.

A. Modeling of Power Losses and Thermal Stresses

To assess the long-term mission profile behavior of the
MMC, numerical functions are needed to describe the
relationship between power loss/thermal stress and the
carrier frequency and power load, and it can be derived
from simulation results shown in Fig. 6. Taking two carrier
frequencies, 325 Hz and 440 Hz, as examples, the effects
of carrier frequency and power loading on the junction
temperature cycle amplitudes and the average value of four
semiconductor devices (IGBTs S,, S,, and freewheeling diodes
D,, D,) in an SM can be obtained and curve fitted by using the
following polynomials:
+a, P,

load

+(L3

FP )=aP
{ ( Inad) a, (13)

Toad
Hf)) = a,f. +as

where F represents the amplitude of the junction temperature
cycle (AT), power loss (P,,), Or average junction temperature
(T,); a; (i = 1...5) are the coefficients obtained from the curve
fitting process. The specific values of g; are listed in Table II.
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(d)

Fig. 6. Impact of power loading on the junction temperatures of the
power devices. (a) Amplitude of junction temperature cycles and (b) mean
junction temperatures at f, = 325 Hz, (¢) amplitude of junction temperature
cycles and (d) mean junction temperatures at f, = 440 Hz.

All these numerical relationships are based on normalized
power loading. Considering the almost linear relationship
between F(x) and the carrier frequency and power loading, the
following expression is derived:

F(P, ) eason,=F(Po)
P — load / @440Hz load / @325Hz
(P ) FPORSE .
(fc =325 )+F(thd )@325m
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Fig. 7. Detailed mission profile evaluation for a 12-min varied loading
condition.

where F(Py,0)assm, ad F(Py,q)@aaon, are polynomial obtained
by curve fitting under 325 Hz and 440 Hz.

B. Conversion from Mission Profile into Power Loss, Thermal
Stress and Reliability Evaluation

Based on (14), the power loss and thermal stress of the
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Fig. 8. Impact of the proposed method on the normalized accumulated
power loss.
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Fig. 9. Comparison of the accumulated damage between the fixed
adaptive frequency schemes.
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Fig. 10. Experimental prototype.
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Fig. 11. Experimental output current THD.

devices can be fully evaluated for an annual mission profile.
Fig. 7 demonstrates the detailed 12-min waveform out of
the annual mission profile. The proposed adaptive frequency
scheme helps reduce both the power losses and the junction
temperature. Meanwhile, the SM capacitor voltages are still
balanced with its voltage ripples within 10%. The annual
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Fig. 12. Current waveforms under different loading conditions.

TABLE III
EXPERIMENTAL MMC PROTOTYPE PARAMETERS

Parameter Value Parameter Value
Power rating P 15kV SM number per arm N 4

DC-link voltage U, 900 V SM voltage U_, 225V
Arm inductance L_ 4 mH SM capacitance C_ 1.5 mF
Modulation index m 0.17 Ambient temperature 7, 24 °C

accumulated power losses are shown in Fig. 8, which achieves
a 21% reduction for the proposed method.
To evaluate the reliability, the below lifetime model is used

| E
N=A(AT,) -exp ﬁ) (15)

where N; represents the number of cycle life under a condition
with A = 3.025x10°, o = —5.039, E, = 9.891x10>* and &,
being the Boltzmann constant. A7; is the junction temperature
variation, and T}, is the average junction temperature. It
should be noted that different lifetime models may lead to
different evaluated results. To compare the fixed frequency
and the proposed adaptive scheme in this paper, the selection
of different lifetime models does not affect the relative results.
More details about different lifetime models can refer to [23].
At the meantime, the accumulated damage is evaluated as

D=

i

k
n.

: 16

- Nf- ( )

i

where D represents the accumulated damage index; k& denotes
the total number of different thermal stress levels. n, represents
the cycle number for a specific stress type (e.g., AT}); Ny
represents the cycle-to-failure for the i stress type. Fig. 9
demonstrates that the adaptive frequency scheme causes less
damage (e.g., 12%) than the fixed frequency scheme with a
longer power device lifetime expectation.

V. EXPERIMENTAL VALIDATION

To validate the effectiveness of the proposed adaptive carrier
frequency control, a series of experiments are carried out on
the three-phase MMC prototype shown in Fig. 10. It consists
of four SMs per arm, each equipped with an IGBT module
F4-50R12KS4, 400 V capacitors, and the bleeding resistor to
safely discharge SM capacitor. The detailed parameters are
summarized in Table III. The target of the adaptive frequency
scheme is to keep the ac current THD within 5% and the SM
voltage ripple within 10%.

A. Output Current THD and SM Voltage Ripple

Fig. 11 compares the output current THD of the conventional
fixed frequency scheme and the proposed adaptive frequency
scheme. With a fixed carrier frequency (e.g., 3045 Hz), the
output current THD is decreased from around 5% to 1.86%
with the increase of the power loading. By contrast, by
applying the proposed approach, the current THD is always
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Fig. 15. Experimental results: thermal stress on S, under four operating
conditions.

maintained at around 5% by the varied carrier frequency for
different power levels. The corresponding current waveforms
are provided in Fig. 12. Meanwhile, as shown in Fig. 13,
the measured SM voltage ripples exhibit no significant
deviation with the different carrier frequency approaches,
which gradually increase with the rising power level but still
remain within the required ripple range. These findings are in
agreement with the aforementioned analytical and simulation
results.

B. Power Loss and Thermal Stress Measurements

A power analyzer (PPA4500) is used to measure the actual
power loss of the SM, as presented in Fig. 14. It is clear that the
proposed scheme reduces the power losses by approximately
10%. This reduction in power losses is expected to enhance the
reliability of the power semiconductor devices.

The impact of the power loading and arm carrier frequency

on thermal stress of power devices are measured under
four operating conditions: OC1: 10 kW/3.045 kHz, OC2:
10 kW/0.38 kHz, OC3: 4.8 kW/3.045 kHz, and OC4: 4.8
kW/0.76 kHz. The temperature is measured by an optical
fiber. S, is taken as the example for illustration. Fig. 14
shows junction temperatures of S, after one-hour continuous
operation under four conditions. For the load condition of
P,.a =10 kW, the junction temperature of S, reaches around
45 °C and 42.5 °C for the fixed and adaptive carrier frequency
schemes. As a rule of thumb [24], 2.5 °C junction temperature
decrease, shown in Fig. 14, will improve the lifetime of the
SM by roughly 30%. When the power level is lower, i.e.,
P.a = 4.8 kW, the temperature difference between the fixed
frequency and adaptive frequency control is not apparent.
That is caused by the thermal cross-coupling effects which has
been systematically investigated in [3]. However, the apparent
power loss reduction is beneficial for the system efficiency.

VI. CoNcLUSION

An adaptive carrier frequency scheme is proposed in this
paper to reduce the power losses of the MMC under variable
operating conditions. The carrier frequency is adjusted flexibly
under different power loadings to achieve the tradeoff between
achieving performance metrics such as THD and SM voltage
ripple, and minimizing power losses. Through this study, we
have the following conclusions:

* In contrast to existed active thermal control relying on
accurate power loss and thermal models, the proposed
approach focuses on manipulating a power loss-related
variable (the carrier frequency). This makes the proposed
method more practical and tangible for power electronics
converters in real-world applications.

* By the established analytical model of the THD and the
capacitor voltage ripple, the THD requirement takes
precedence in selecting the carrier frequency.

» The effectiveness of the proposed scheme has been
validated through comprehensive simulations on a 15-
MVA MMC system and experimental measurements on
a 15-kW prototype. The results demonstrate significant
reductions in power losses and thermal stresses,
contributing to improved reliability.
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