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Abstract

ness of the proposed method.

Accurate evaluation of power losses in a modular multilevel converter (MMC) is very important for circuit component
selection, cooling system design, and reliability analysis of power transmission systems. However, the existing con-
verter valve loss calculation methods using the nearest level modulation (NLM) method and the traditional sorting-
based capacitor voltage balancing strategy are inaccurate since the submodule (SM) switching logics in the MMC
arms are uncertain. To solve this problem, the switching principle of the SMs in the sorting-based voltage balanc-

ing strategy is analyzed. An accurate MMC power loss calculation method based on the analysis of loss distribution
of various SM topologies, including half-bridge submodule (HBSM), full-bridge submodule (FBSM) and clamp double
submodule (CDSM), is proposed in this paper. The method can accurately calculate the losses caused by the extra
switching actions during the capacitor voltage balancing process, thus greatly increasing the calculation accuracy

of switching losses compared with existing methods. Simulation results based on a practical + 350 kV/1000 MW MMC-
HVDC system with variety of MMC topologies with different voltage balancing strategies demonstrate the effective-

Keywords Modular multilevel converter, Extra switching losses calculation, Nearest level modulation

1 Introduction

The modular multilevel converter-based high voltage
direct current (MMC-HVDC) system has advantages of
modular design, independent control of active and reac-
tive power, and low output voltage harmonics etc., and it
has been widely applied in the fields of renewable energy
grid connection, and DC power grids [1-3].

Accurate calculation of valve losses is a critical basis
for circuit component selection, cooling system design
and reliability evaluation of the system [4, 5]. However,
the numbers of submodules (SMs) and semiconductor
devices in high-voltage large-capacity MMC-HVDCs
have also increased dramatically, especially when the
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full-bridge submodule (FBSM) or clamp double submod-
ule (CDSM) topology with DC short-circuit fault clearing
capability are adopted. The very large numbers of semi-
conductor devices and the complicated transient char-
acteristics of converter valves have brought challenges to
the accurate calculation of MMC losses.

Loss calculation of an MMC is closely related to its
modulation methods and capacitor voltage balancing
strategies. The loss calculation based on carrier phase-
shifted pulse width modulation (CPS-PWM) method has
been well studied [6]. The loss distribution characteristics
and calculation of IGBTs and diodes under CPS-PWM
are deduced in [7, 8]. The junction temperature fluctua-
tion characteristics of each switching device are analyzed
by deriving the average and effective values of the switch-
ing device current [9]. However, the influence of junc-
tion temperatures on the loss calculation of switching
devices is not considered. Linear interpolation is adopted
to iteratively calculate the junction temperatures of semi-
conductor devices in [10], where the conduction losses

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s41601-023-00313-x&domain=pdf

Song et al. Protection and Control of Modern Power Systems

and switching losses of IGBTs and diodes are calculated
though electromagnetic transient simulation based on
temperature feedback. A loss calculation method of half-
bridge submodule (HBSM) is proposed based on the
detailed analysis of semiconductor device working prin-
ciple and the converter valve thermal model. This pro-
vides data support for MMC reliability analysis and full
cycle life assessment [11]. However, CPS-PWM is not
suitable for high-voltage large-capacity MMC-HVDC
systems.

The nearest level modulation (NLM) method based on
a sorting algorithm to achieve capacitor voltage balance is
widely applied in real high-voltage large-capacity MMC-
HVDC systems, in which the switching frequency and
loss characteristics are significantly different from the
CPS-PWM method [12]. Although the conduction losses
can be well estimated with sufficient accuracy by various
methods [13, 14], research on switching losses is still lim-
ited, especially for the MMC with the NLM method. The
switching actions of the SMs under the NLM method can
be divided into two parts: necessary switching and extra
switching. The necessary switching is the change of SM
numbers caused by the AC output voltage changes of the
MMC arms according to the references, while the extra
switching is the alternation of SMs to achieve capacitor
voltage balance. The complexity and randomness of the
switching actions restrict the calculation accuracy of the
extra switching losses.

One of the most popular methods for calculating
switching losses is through simulation [15]. However, it
has disadvantages of being time-consuming and requir-
ing a detailed model. This limits its application. The other
method relies on analytical models based on specific
assumptions, such as ideal sinusoidal arm current and
voltage references [16, 17]. These are simple and com-
putationally-efficient. However, considerable estimation
errors exist because of the neglect of the harmonics in
the current and voltage. Therefore, a linear relationship
between the switching losses and the average current is
applied for the essential and additional switching loss
estimation [18]. A method to calculate the upper limit
value of switching losses of an MMC is also proposed in
[19, 20]. This multiplies the maximum switching energy
by the estimated average switching frequency. However,
the errors of the methods proposed above are still large
and the given linear relationship is, to a large extent,
questionable.

In addition to the MMC modulation strategies, the SM
switching losses of power devices are also closely related
to the capacitor voltage balancing methods. A capacitor
voltage balancing method based on the holding factor is
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proposed in [21]. This reduces the switching frequency
by sacrificing a certain degree of capacitor voltage bal-
ancing effect. However, the selection principle of the
holding factor is not elaborated, further increasing the
randomness of SM actions, which brings difficulties to
the switching loss calculation. In [22], a capacitor volt-
age balancing method by setting the maximum voltage
deviation threshold is proposed. The switching frequency
of the SMs can be further reduced by sorting the SM
voltages only when the capacitor voltage deviations
exceed the voltage threshold. However, the SM switch-
ing frequencies vary greatly depending on whether the
capacitor voltages are sorted or not, making it difficult
to quantitatively calculate the switching losses of power
devices.

Based on the above research, SM average switching fre-
quency optimization methods are proposed in [23, 24]
by setting the rotation number of SM per control cycle.
The proposed methods are simple, and can quantitatively
calculate the switching frequency. Capacitor voltage bal-
ancing methods by adjusting the SM rotation number
in real-time through predicting the convergence of SM
capacitor voltages are proposed in [25, 26]. Although
the proposed methods further reduce the SM switching
frequency, the SM switching frequency is coupled to the
SM rotation number, making the accurate calculation of
switching losses of power devices more complex.

In order to better estimate the necessary and extra
switching losses, the switching losses are calculated by
assuming that the switching actions are evenly distrib-
uted during one period [27]. However, an even distribu-
tion of switching actions will introduce errors especially
when the SM number is small, such as in medium voltage
applications. A piecewise analytical valve loss evaluation
method for an MMC-HVDC is proposed by averag-
ing necessary switching losses during one control cycle
[12], and an analytical essential switching loss estimation
method for MMC with NLM is proposed in [28]. How-
ever, the extra switching losses of the above two methods
are approximated by an upper limit, and this increases
the cost of system hardware. Therefore, how to achieve
accurate evaluation of MMC valve losses using the NLM
method is still a problem requiring solution urgently. In
this paper, an accurate power loss calculation method by
integrating analytical calculation and simulation is pro-
posed. This can realize the quantitative analysis of valve
losses using the NLM method. It solves the difficult prob-
lem of accurately calculating extra switching losses. In
addition, the proposed method is suitable for high-volt-
age large-capacity MMC converter valves, and for vari-
ous topologies of SMs and operating conditions.
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This rest of the paper is organized as follows. The math-
ematical model and loss characteristics of the discussed
MMC are briefly introduced in Sect. 2. The static losses and
the proposed switching calculation method including nec-
essary and extra switching losses are presented in Sect. 3,
whereas the low switching frequency capacitor voltage bal-
ancing method is proposed in Sect. 4. Simulations based on
a practical+350 kV/1000 MW MMC-HVDC project are
carried out in Sect. 5. Finally, the conclusion of this paper
is given in Sect. 6.

2 Mathematical model and loss characteristics

2.1 Mathematical model

A typical three-phase MMC topology is illustrated in Fig. 1.
As can be seen, each arm is composed of N SMs, and one
arm inductor L, with an equivalent series resistor R,,,,.
The SM can adopt HBSM, FBSM, CDSM and other topolo-
gies, and can also be combined to form a hybrid MMC. Uy,
and Iy are the DC voltage and DC current. u,; and u,; are
the upper and lower arm voltages, i; and i,; are the upper
and lower arm currents, and i; is the AC current, where
i=a, b, c represent phases A, B and C. Taking the upper
arm of phase A as an example, the arm voltages and cur-
rents are obtained [29]:

Ug/2

Ug/2

Fig. 1 Topology of the three-phase MMC
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where i is the arm circulating current, and u,, refers
to the AC side voltages (i=a, b, ¢). During steady-state
operation, the AC voltage and current of phase A are
given as:

1
Uso = —m - Uy.cos(wt + 6,
a0 ) dccos(wt + 0,) 3)
ia = Ioc cos(wt + @a)

where m is the modulation ratio, w is the fundamental
angular frequency, and 6, and ¢, are the phase angles of
the voltage and current, respectively.

The power in the AC and DC sides of the converter are
balanced. This implies the following relationship when
ignoring the losses of the converter valves [13]:

3
Iy = Emjac cos (g2 — 0a) (4)

where I, is the amplitude of the AC current.

In practical MMC systems, the circulating current i,
is usually well suppressed by the circulating current sup-
pression control. Therefore, combining (1)-(3) and ignor-
ing the circulating current i, in (2), the arm currents of
the upper and lower arms can be obtained as:

1
— Shac cos(wt + ¢;) (5)

. m
lpazzlac cos (¢; — 0;)

m 1
inazzlac cos (¢; — 6;) + EIaC cos(wt + ¢;) (6)

2.2 Loss characteristics of MMC

The MMC valve losses can be divided into static and
switching losses [30]. The static losses are mainly related
to the circuit parameters and the operating conditions
of the converter. The switching losses are composed of
IGBT switching losses and diode reverse recovery losses
and are closely related to the modulation and voltage bal-
ancing strategies, which are also affected by the arm cur-
rents, capacitor voltages and switching frequency.
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Fig. 2 Loss distribution of the HBSM

Table 1 Switching energy of SMs
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Topology State Loss distributions (i, > 0)
HBSM off-state — on-state Eg=Eoss
on-state — off-state Egw=EontErec
FBSM off-state — on-state Egw=Eoss
on-state — off-state Egw=EontErec
CDSM off-state— on-state A Eow=FEo
off-state— on-state B Egw=2E5
on-state A— on-state B Eq=CEofr
on-state A— off-state Eq=EontEpec
on-state B— off-state Egy=2E+Eed
on-state B— on-state A Eqw=EontE

H
o
E]

rec

All the SMs have similar loss characteristics in the
steady state operation condition and the same circuit
parameters. In HBSM, the two cases of SM loss distribu-
tion according to the SM on/off states and the current
path of the switch devices when the arm current i,,>0
are shown in Fig. 2. The loss distribution is similar when
the arm current i,,<0. Among them, P is a constant
power load that remains unchanged during the normal
operation of the SM. The loss distributions of HBSM,
FBSM and CDSM are different when their states change,
as shown in Table 1. The conduction losses of the diodes
are ignored since they are relatively small. The on-state A
and on-state B of the CDSM in Table 1 correspond to the
states of one and two capacitors insertion, respectively.

3 Accurate loss calculation method of MMC

The losses of an MMC can be divided into static and
switching losses. The calculation of static losses is rela-
tively mature [3]:

7)

Preond(ice) = icelcko + i2,rce
. . )
Ppeond (i) = ifllgy + i;1¢
where Pr 4 and Pp 4 are the conduction losses of the
IGBTs and diodes, and i and i; are the currents flowing

through the IGBTs and diodes, respectively. Uy, and Uy,
are the conduction voltages of the IGBTs and diodes, and
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rcg and 7y are the conduction resistors of the IGBTs and
diodes, respectively. The conduction voltage and conduc-
tion resistor change with the device junction tempera-
ture, and thus, Ucp, Uy, 7cps 1 can be obtained by linear
interpolation [12].

However, it is difficult to accurately calculate the
switching losses of an MMC, especially the extra
switching losses of SMs caused by the voltage balanc-
ing method. In this paper, an accurate loss calculation
method considering the extra switching actions of SMs is
proposed.

3.1 The principle of the NLM method

The main idea of NLM is to approach the reference volt-
age through a step wave. For an MMC, the numbers of
conduction SMs n,¢ of the upper and lower arms can be
calculated by:

g Uy (1 — mcos(wt + 6;)) g
n = roun
ref.pa 2L[C,ave ( )
Uy (1 t+0;
Mrefna = round( de(1 + meos(wt + L))) 9)
2L[C,ave

where U, represents the average SM capacitor voltage
in one arm.

As the modulation wave rises from 0, the conducting
SMs of the lower arm gradually increase and the con-
ducting SMs of the upper arm decrease accordingly, such
that the output voltage rises with the modulation wave,
as shown in Fig. 3.

In the NLM method, the MMC SM switching includes:
1) the SM number change caused by the AC output volt-
age changes of the MMC arms according to the reference
and is called necessary switching action; 2) The extra
alternation of the SMs to achieve the capacitor volt-
age balance is called extra switching action. The switch-
ing frequency and time of the MMC SMs are uncertain
in the sorting-based capacitor voltage balancing strat-
egy. Therefore, extracting the instantaneous currents
at the switching times with the analytical method and

0.5N UC‘ S
—— Reference voltage _
° —— Step wave Mretaa = N
g) Trefpa = 0
—g Hrefpa = Mrefpa = IN/2
5 0 -~ —————— =
&
3
5
o
<=
=
Mregma = 0
-05NU|———— Nrefpa = N

\

Fig. 3 The principle of the NLM method
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calculating the switching frequency in each control cycle
are the main difficulties in MMC valve loss evaluation.

3.2 Switching frequency calculation

In order to accurately evaluate MMC switching losses,
it is necessary to calculate its switching frequency accu-
rately. Various voltage balance strategies have different
SM selection mechanisms. These make the switching
frequency of the MMC vary greatly. According to [24],
if only the necessary switching actions of the MMC are
considered while ignoring the extra switching actions,
the lower limit of the MMC switching frequency can be
obtained as:

fo (1 + m)Uyg,
Jswmin N\ 2UC ave

(1- m)udc>>a (10

—round (
2L[C,ave

where round () is the nearest rounding function. f; is the
fundamental frequency and f; is the control frequency of
the valve control system.

If the SM states rotate as many as possible in adja-
cent control cycles, the upper limit of the switching fre-
quency can be obtained as:

Sl fo

2fo
fsw,max = % ; | Anpes(ti)|

(11)

where An, is the change number of the conduction SMs
in adjacent control cycles. Taking the upper arm of phase

A as an example, 47, can be expressed as:

A"lref,pa(tk) = nref,pa(tk) — Hrefpa (tk—l) (12)

As the active power and the effective value of arm
current are approximately linear since the system
mainly operates at unity power factor, the increase of
capacitor voltage in a single control cycle is given as:

1 t+Ts
AUE,, = I /t Sy - ipadt (13)
where T,=1/f, and S, represents the switching function
of the x-th SM, which satisfies the following relationship:

1;
Sy = 0,

The linear interpolation method can be adopted to
obtain the relationship between MMC transmission
power and switching frequency since the change of the
capacitor voltage sequence caused by the charging and
discharging of the arm current is positively correlated
with the transmission power, as:

when 77 is on and Ty is off

when T7 is off and T, is on (14)
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fsw,max _fsw,min « (P _ Pmin)

fP =fsw,min + — Pmin

Pmax (15)
where f;, is the switching frequency corresponding to
the instantaneous power P. P, and P, are the cor-
responding power limits when the switching frequency
takes the upper limit and the lower limit, respectively. f,.¢
is the reference frequency determined by the voltage bal-
ance algorithm.

However, in real systems, the special operating condi-
tions corresponding to the upper and lower limits of the
switching frequency are difficult to achieve. Therefore,
it is necessary to extract the switching frequency of the
MMC under typical operating conditions from offline
simulation, and modify the interpolation parameters.
In order to ensure the accuracy of the MMC switching
frequency extracted from offline simulation, a PSCAD
simulation model is established based on the MMC con-
verter station on the Guangxi side of the Luxi HVDC
Project in China. The simulation parameters are shown
in Table 2. All control parameters in the simulation are
derived from a hardware-in-the-loop (HIL) test platform,
which consists of the actual MMC project.

The valve control system and the real-time digital
simulation platform based on RT-LAB are shown in
Fig. 4. The real-time simulation system based on RT-
LAB OP5600 is mainly used to simulate equipment
such as converters, circuit breakers, and AC power
grids, and to output the electrical quantities required
by the valve control system in real-time. The MMC
valve control system is completely consistent with the
control system used in the actual project, and achieves
DC voltage control, active and reactive power control,
circulating current control, modulation and voltage bal-
ancing methods. The real-time simulation system based
on RT-LAB interacts with the MMC valve control

Table 2 Parameters of the simulated MMC

Parameters Value
Rated Capacity/MVA 1000
Rated DC voltage/kV +350
Rated voltage on grid side/kV 525
Rated voltage on valve side/kV 375
Ratio of converter transformer 525/375
Number of SMs 468
Number of redundant SMs 40
Arm inductor L/mH 115
SM capacitor C/mF 12
Control frequency/kHz 10
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Fig.4 The real-time simulation platform and the MMC valve control
system in Guangxi, China

system through high-speed optical fiber to exchange
data, such as SM voltages, SM status, and pulse signals
of the power devices.

The switching frequency fitting curves obtained
respectively by adopting the traditional sorting based
capacitor voltage balancing method, the low switch-
ing frequency voltage balance method (LSF1) in [23]
and the LSF2 in [24] are shown in Fig. 5. It shows the
relationships between the switching frequency and the
active power of the system with three voltage balance
methods, which are within the range of the analytical
calculation results.

The switching frequency in the sorting based capaci-
tor voltage balancing strategy is close to the theo-
retical upper limit, and the switching frequency of the
LSF1 method is largely between the theoretical upper
and lower limits. The switching frequency of the LSF2
method is close to the theoretical lower limit in the
no-load condition. It increases when the transmission
power increases. The existing switching loss calculation
methods by estimating the average switching frequency

1.4 [ Traditional method|
1
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Fig.5 The switching frequency of the MMC
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have a large error and cannot truly reflect the switching
loss characteristics of the MMC. Therefore, this paper
considers the relationship between switching frequency
and active power by offline simulation and linear inter-
polation technology, to provide a basis for accurate cal-
culation of the extra switching losses.

3.3 Necessary switching losses

The switching losses caused by the necessary switch-
ing actions in the MMC arms can be obtained through
the accumulation of switching energy and the necessary
switching times of a single SM, namely:

Sslfo
Psw nec_arm = fo X Z (Esw(i(tk)) X ”sw,nec(tk))
k=1
(16)
where P, .. .m is the necessary switching losses of
the MMC arm, E,, is the switching energy of a single
SM switching action, and i(t) is the instantaneous cur-
rent corresponding to the action time f,. The necessary
switching number n of the SM can be calculated as:

sw,nec

Hswonec(Tk) = [Anref(tr)| = |nref(tk) - nref(tk—1)|
(17)
where An, is the change number of the conduction SMs
in adjacent control cycles. This is obtained by (8) or (9).
The switching energies of the SMs can be obtained
according to Table 1 when the number of inserted SMs
increases or decreases caused by the AC output voltage
changes of the MMC arms according to the references.
The IGBT and diode switching energies have been elabo-
rated in [12], and the polynomial fitting calculation for-
mulas are:

2 .

Eon = aon2i” + donilil + dono (18)

2 .

Eof = aomai” + aom lil + aofio (19)
Table 3 Parameters of switching energy calculation
Turn-on energy/mJ Ayna/Q-s dgn/V-s Agno/MJ
Eon_125°C 8.3436e-04 0.1771 507.1966
Eon_150°C 1.1001e-03 0.0023 586.3481
Turn-off energy/mJ Aofrr/OS Ag/ Vs A/ MJ
Eoff_125°C 1.3411e-04 1.2458 122.6001
Eoff_150°C 1.0879e-04 1.3761 148.5985
Reverse recovery energy/m)J Ao/ US Aect/V'S Aec/MJ
Erec_125°C —2.5350e-04 1.0873 309.6171
Erec_150°C —2.9379-04 1.2473 4190136
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2 ,
Erec = arec2i” + arec1 il + Greco (20)

where E_ | and E g represent the respective IGBT turn-
on and turn-off energies, while E . represents the
diode reverse recovery energy. a,, d.s and a4, are
the polynomial fitting coefficients of IGBT and diode
switching energies, respectively. Taking the Infineon
FZ1200R33HE3 type IGBT as an example, the required
parameters for fitting can be obtained by consulting the
data sheet, as shown in Table 3.

According to the junction temperature and voltage
feedback, the IGBT turn-on energy is corrected as:

T —125
Eon_T = I<V Eon_125°C+(E0n_150°C - Eon_lZS"C)m
I(V _ UC,ave
UCEfref
(21)

where K, is the voltage regulation coefficient. U s and
U . are the reference voltage and SM capacitor voltage.
These are provided by the device data sheet. E , 45 and
E,, 1s0c are the IGBT turn-on energy calculated from
(21) and Table 3 at 125 °C and 150 °C, respectively. The
IGBT turn-off energy and diode reverse recovery energy
at any temperature are calculated similarly.

In order to calculate the instantaneous arm currents
at the switching times, the existing study extracts the
level change times and the instantaneous current val-
ues by solving the inverse trigonometric function for
the step wave corresponding to the arm voltage refer-
ence values [13]. However, in actual MMC-HVDC pro-
jects, the number of arm SMs is often higher than the
number of converter valve control sampling points in
the power frequency cycle. Taking the Luxi HVDC Pro-
ject in China as an example, the number of arm SMs is
468, the control frequency of the valve control system is
10 kHz, and the control sampling points are 200 in each
power frequency cycle. Therefore, N+1 levels can-
not be completely output, and is limited by the control

Reference voltage
—Ideal step wave
—Actual step wave

N2

0 I
0 t fe ten t

Fig. 6 The sample points in actual
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frequency, as shown in Fig. 5. The switching times of
SMs in each fundamental frequency period can be
obtained from Fig. 6 as:

k
tk:f’k:l’z’”"]]:o (22)

Substituting the switching times into the arm cur-
rents (5) and (6), the instantaneous current i(f,) at
the switching time ¢, can be obtained. The number of
necessary switching SMs in adjacent periods can be
obtained from (17).

In summary, the necessary switching losses of an
MMC can be obtained through the switching energies of
the three SM topologies in Table 1. The total necessary
switching losses of the MMC are thus given as:

P, sw,nec MMC — 6P, sw,nec_arm (23)

3.4 Extra switching loss calculation

The extra switching losses are also calculated by accumu-
lating the switching energy and the extra switching times
of a single SM, as:

Slfo

Psw,extfarm :fO . Z [Esw,ext(i(tk)) * Msw,ext (73] (24)
k=1

where ng, .. (f;) represents the extra switching times dur-
ing each control cycle.

tk—

Y
Off-state
SMs states

Y
On-state
Necessary
switchings

7381
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Fig. 7 The necessary and extra switching
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Table 4 The extra switching energy

Topology Extra switching energy
HBSM Egp=FEon+Eott Erec
FBSM Eop=EontEostt Erec
CDSM Egp=2E o+ 2E 5+ 2E

The extra switching of SMs in the discrete control
system have the same action times as the necessary
switching. The same method for calculating the instan-
taneous value of the arm current can be adopted. The
extra switching of SMs is described as the exchange of
the same number of SMs with different switching states,
as shown in Fig. 7. Therefore, the MMC switching fre-
quency can also be expressed as:

Slfo
Z (2nsw,ext(tk) + |Anref(tk)|)

k=1

_

Jp= N (25)

The alternating number of the SMs can be approxi-
mately obtained by evenly distributing the switching
actions in the power frequency cycle, as:

f£ _ | Anpef(£y)|
fs 2
From the circuit topology analysis, when the switch-

ing states of the two HBSMs are exchanged, the switch-
ing energy E, ., is given as:

Hswext(tk) = N (26)

sw,ex

Eswext = Eon + Eoff + Erec (27)

The extra switching energies of the FBSM and CDSM
can be obtained similarly, as shown in Table 4. Substi-
tuting the switching energies of the SMs in Table 4 into
(24), the total extra switching losses of the MMC can be
expressed as:

Py ext_ MMC = 6Psy ext_arm (28)

4 A low switching frequency capacitor voltage
balancing method
From the above analysis, the extra switching actions of
the SMs are the main reason for the high losses of an
MMC. To solve the problem, a low switching frequency
capacitor voltage balancing method without sorting is
proposed.
The proposed capacitor voltage balancing method
takes the capacitor voltage dispersion as the direct
control object, and the “voltage allowable distribution
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Fig. 8 The voltage allowable distribution band and SM input priority

band” and “SM input priority” are introduced. In each
control cycle, the SM status in the previous control
cycle remains unchanged, if possible, to avoid unnec-
essary switching actions, as shown in Fig. 8. The width
of the capacitor voltage distribution band is determined
by the voltage dispersion threshold o,,, and the upper
and lower limits can be obtained as:

{ Uc_upperzuc_avg-i-amucN/Z 09)

ucflower=uc_avg - UmUcN/2

Taking the arm current i, >0 as an example, there are
three cases:

Case 1) if SM capacitor voltages are less than the lower
limit value of the voltage allowable distribution band, the
SMs should be in the ON state as much as possible to
increase their voltages into the voltage allowable distri-
bution band as soon as possible. In order to avoid unnec-
essary switching actions, the SMs of the ON state group
should remain in the ON state in the current control
cycle, and their input priority is P; oy. Then, the SMs in
the OFF state group should be changed to the ON state,
and their input priority is P; opp.

Case 2) if the SM capacitor voltages are within the
voltage allowable distribution band, the SMs should
selectively maintain the original switching states accord-
ing to the actual number of SMs in the ON state of the
arm given from the modulation. The input priorities of
the SMs are divided into P, 5y and P, opp according to
their states. - )

Case 3) If the SM capacitor voltages are greater than
the upper limit of the voltage allowable distribution band,
the SMs should be in the OFF state if possible to avoid
further increase of the capacitor voltages. Therefore, the
SMs of the ON state group should be changed to the OFF
state, and their input priority is P; on. The SMs of the
OFF state group should remain in the OFF state in the
current control cycle, and their input priority is Py opp.
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To sum up, for each input priority divided above, the
smaller the value, the higher the priority, and the greater
the possibility of the SMs being in the ON state. SMs
maintain the switching states of the previous control
cycle in the current control cycle as much as possible.
The switching states of some SMs are changed only when
their capacitor voltages exceed the upper and lower lim-
its of the voltage allowable distribution band. In addition,
for the SMs with the same priority (P1, P2 and P3), the
priority of the ON state group is always higher than that
of the OFF state group when the current is positive.

5 Simulation

In order to verify the proposed MMC valve loss calcu-
lation method, based on the actual parameters of the
Luxi+350 kV/1000 MW HVDC Project in China, an
MMC electromagnetic transient simulation model is
built in the PSCAD/EMTDC simulation software, and
the loss calculation method proposed is implemented
in MATLAB software. This has two parts: the static loss
calculation and the switching loss models. The detailed
simulation parameters are shown in Table 2. First, the
calculated and simulation values are compared in various
conditions for the three typical topologies of HBMMC,
FBMMC, and CDMMC to verify the correctness and
accuracy of the proposed method. Then, the three volt-
age balancing control methods are adopted to compare
the proposed loss calculation method with the simulation
results. Finally, the calculation results of MMC losses in
different operating conditions are analysed and verified.

5.1 Static loss distribution of SM

The MMC operates at a rated power of 1000 MW in a
rectified state, with a power factor of 1. All SMs only out-
put positive and zero levels. The numbers of HBMMC
and FBMMC arm SMs are N=468, and the number of
CDMMC arm SMs is N/2=234, which ensures the same
output voltage levels. The steady-state operation wave-
forms of the HBMMC are shown in Fig. 9. The AC out-
put voltages and currents are shown in Fig. 9a, c, and the
arm output voltages are shown in Fig. 9b. These are step
waves according to the reference values of arm voltages
and the control sampling frequency. The arm currents
only contain the fundamental and DC components since
the circulating current suppressing strategy is adopted in
the simulation, as shown in Fig. 9d.

The instantaneous conduction losses of each switch-
ing device of the three topologies are shown in Figs. 10,
11, 12. The red curves and blue curves represent the
instantaneous conduction losses of the IGBTs and
diodes respectively. These are determined by the current
direction and switching function, and are similar to the
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Fig. 11 The transient conduction loss of FBSM

current half-wave. The conduction loss distributions are
uneven since the MMC arm currents contain a DC com-
ponent under the rated active power. In the HBSM case,
the peak conduction losses of D1 and T2 are approxi-
mately 2.4 kW and 3.5 kW, while those of T1 and D2
are about 0.85 kW and 0.55 kW, respectively, as shown
in Fig. 10. The conduction loss characteristics of FBSM
shown in Fig. 11 and CDSM shown in Fig. 12 are similar
to those of HBSM, with the following main differences: 1)
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1.04

the conduction losses of FBSM are twice those of HBSM
due to T1 (D1) and T4 (D4), T2 (D2) and T3 (D3) hav-
ing the same characteristics; and 2) T5 (D5) are in con-
duction continuously, and the peak conduction losses are
about 5.5 kW and 1.3 kW, which are significantly higher
than in other switching devices.

The waveforms of the instantaneous off-state losses of
the three types of SMs are shown in Fig. 12d. Similar to
the conduction losses, the FBSM off-state losses are also
twice those of the HBSM, and the off-state losses of the
CDSM are relatively high since the diodes D6 and D7
in the CDSM remain cut-off. The off-state losses of the
three types of SMs are much smaller than the conduc-
tion losses. The above simulation results verify the cor-
rectness of the loss distribution characteristics of various
MMC topologies.

5.2 Switching loss characteristic

The instantaneous switching loss characteristics of the
four switching devices in a single HBSM are shown in
Fig. 13, with the traditional sorting-based capacitor
voltage balancing strategy adopted under rated con-
ditions. The blue curves represent the instantaneous
losses, which are determined by the arm currents and the
switching functions. Similar to the conduction losses, the
instantaneous switching losses are also unevenly distrib-
uted since the DC components existed in the arm cur-
rents. The red and yellow curves represent the equivalent
instantaneous switching losses obtained by the methods
proposed here and [12], respectively. Different from the
blue curves, the proposed method decouples the instan-
taneous switching losses from the switching functions,
which are similar to the half wave of arm currents. The
instantaneous switching loss peaks of T1, T2, D1 and D2
in HBSM are 1.79 kW, 4.60 kW, 1.29 kW and 0.73 kW,

(2023) 8:56

Page 10 of 15

—Simulated value —Simulated value
12 + —Calculated valu 30 —Calculated valug
Method in [12] Method in [12]
2 Z
E 8 F E 20
z =
o o
=~ 4 | ~ 10
0 0
1.00 1.02 1.04 1.00 1.02 1.04
() 12 (b)
—Simulated value —Simulated value
18 + —Calculated valug] —Calculated valug
Method in [12] Method in [12]
Z z 8
z %
L 12}
z =
2 g4

1.00

0
1.02 1.04 1.00

1.02
tls tls
(c) (d)

1.04

Fig. 13 The instantaneous switching losses.aT1.bT2 ¢ D1.d D2

0.08[-TI1
— DI

T2
— D2
O Simulated value
O Calculated value|
0.06 | Method in [12]

Energies/kJ
o
=
B

0.02

Fig. 14 The energies of the switching devices

respectively. However, the method in [12] cannot accu-
rately reflect the switching losses in real time according
to the arm currents although it realizes the decoupling of
switching losses and functions.

The switching energies accumulated by the four switch-
ing devices in an HBSM during two power frequency
cycles obtained by the proposed method and [12] are
compared in Fig. 14. The switching loss energy variation
range of the proposed method is largely the same as the
simulation results. The switching loss energies of T1, T2,
D1 and D2 in two power frequency cycles are 0.017 k],
0.061 kJ, 0.019 kJ and 0.008 k] respectively and the total
switching loss energy is 0.105 kJ. Compared with the sim-
ulation results, the respective errors are 11.20%, 0.59%,
7.50%, and 7.45%, and the total switching loss energy
error is about 4.1%. These are quite different from the
results calculated in [12]. The source of error in the pro-
posed method is that the calculation of switching losses
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is relatively conservative for the purpose of meeting the
needs of MMC reliability analysis. That is, the larger
instantaneous value of the arm current in the adjacent
control period is selected for calculation to avoid the pos-
sible loss reduction caused by the SM switching times
lagging behind the current sampling point.

5.3 Analysis of loss calculation accuracy

According to the above analysis, the switching loss calcu-
lation method proposed in [12] is too conservative since
it uses the estimated extra switching frequency f;, cyira
of power device and the switching energy E, ... corre-
sponding to the peak value of the arm current as the basis
for calculating switching losses, and this causes signifi-

cant calculation errors, as:

fsw,extra :fsw - mf 1

Inax = max [abs [ipa(t)]]

Psw,extra :fsw,extra X [Eon(Imax) + Eoff(Imax) + Eref(Imax)]

(30)

Therefore, another commonly used method for cal-
culating switching losses in [31-33] is selected for
comparison. The common method is to calculate the
average switching frequency f;,,, of power devices and
the switching energy E , .¢ corresponding to the effec-
tive value of the equivalent currents flowing through the
power devices respectively during a power cycle, and
multiply them to obtain the switching losses of MMC
power devices, as:

Py extra =fsw,avg X [Eon(ef) + Eofilleft) + Eret(ef)]
31)
Under the rated operating conditions, the loss calcula-
tion results of the proposed method, the commonly used
method and the method in [12] are compared with the

{ Lot = RMS [ipa(2)]
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three MMC topologies and the three voltage balancing
control methods, as shown in Figs. 15 and 16.

The loss calculation results of HBMMC with the tradi-
tional sorting-based capacitor voltage balancing method
are shown in Fig. 15a. In terms of conduction losses and
off-state losses, the proposed method is basically con-
sistent with the existing methods, which are not shown.
However, for switching losses, the three methods are
quite different. The switching losses of the four groups of
switching devices (T1, T2, D1 and D2) calculated by the
proposed method are 1317 kW, 4114 kW, 1443 kW and
581 kW respectively and the total switching losses of the
converter valve are 7445 kW. Compared with the simu-
lation results, the errors are 6.9%, 4.8%, 11.2% and 7.4%
respectively, and the total switching loss error is about
6.8%. The loss calculation results with the two low switch-
ing frequency voltage balancing methods are shown in
Fig. 15b, ¢, and are largely the same. Compared with the
results of Fig. 15a, the switching losses are greatly reduced
since the low switching frequency voltage balancing
method is adopted. The total switching losses of the con-
verter valve are 899 kW and the error is about 3.4%.

The value loss calculation results of the three MMC
topologies with the three voltage balancing control meth-
ods are shown in Fig. 16. With the traditional sorting-
based capacitor voltage balancing method, the errors of
calculated conduction losses and off-state losses are less
than 1%, and the maximum error of switching losses is
6.8%. The switching losses of HBMMC and FBMMC are
largely equal, and the ratio of conduction losses is about
1:2, which is consistent with the theoretical analysis. The
switching losses of CDMMC is largely equal to that of
HBMMC, but the static losses (conduction losses+ other
losses) are about 60% higher than the latter. The detailed
loss distributions of the three MMC topologies with the
other two voltage balancing methods are shown in Table 5.

15 [ Simulated value [ Simulated value L3 I Simulated value
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[l Common method [l Common method I Common method
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Fig. 15 The SM losses results under three voltage balancing methods. a The traditional method. b The LSF1 method. ¢ The LSF2 method
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Table 5 The MMC valve loss composition and loss rate

Loss type HBMMC FBMMC CDMMC
Off-state loss (kW) 72 144 108
Conduction loss (kW) 4833 9665 7817

Switching loss (kW) 6981/929/997 6981/929/997 6981/929/997

Traditional/LSF1/LSF2

Energy storage capacitor 1.4 14 14

loss (kW)

Arm inductor loss (kW) 11 11 11

Constant power load 112 112 56

loss (kW)

Total loss rate (%) 1.20/0.59/0.60 1.69/1.08/1.09 1.49/0.89/0.90

The capacitor and inductor losses refer to [29]

5.4 Loss calculation under different control strategies
and operating conditions

In order to further verify the accuracy of the MMC loss
calculation method proposed in this paper, the MMC is
simulated using different control strategies and operating
conditions. The electromagnetic transient simulation and
numerical calculation by adopting the traditional sorting-
based voltage balancing method and the low switching
frequency voltage balancing methods of LSF1 and LSF2
are carried out. Taking the HBMMC as an example, the
system runs at unity power factor and the active power
gradually increases from no-load to the rated power. The
simulation and calculation results are shown in Figs. 17,
18, 19.

The selected capacitor voltages of the upper arm of
phase A by adopting the traditional sorting voltage bal-
ance method under the rated power condition are shown
in Fig. 17b. As seen, the capacitor voltage balancing con-
trol effect is better, but the SM switching actions are fre-
quent, resulting in large switching losses, as shown in
Fig. 17c. The switching loss ratio with the rated power of
the traditional sorting-based capacitor voltage balancing
method is as high as 0.70%, and the loss rate increases
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Fig. 17 The results under the traditional method

accordingly when the active power of MMC gradually
increases from no-load to the rated value. The simulated
loss ratio is 0.31% ~ 0.70% and the calculated loss ratio is
0.31% ~ 0.74%. The maximum calculation error is about
5.7%, which is significantly lower than the existing calcu-
lation method.

By contrast, the MMC capacitor voltage balancing
control effect is relatively poor using the LSF1 and LSF2
methods, as shown in Figs. 18b and 19b. However, the
switching losses are significantly reduced as can be
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seen from Figs. 18c and 19c. The maximum loss ratio is
reduced from about 0.70% to 0.09% compared with the
traditional sorting-based capacitor voltage balancing
method. The switching loss ratio of the LSF1 method is
relatively less affected by power change as the switching
frequency is fixed. The switching loss ratio of the LSF2
method is closely related to system power because the
number of alternating SMs in real time is adjusted
according to the MMC transmission power, so the
losses are relatively lower under light load conditions,
as shown in Figs. 18c and 19c. The calculated values of
the proposed method match the simulation results well
in the three control strategies, and the accuracy is sig-
nificantly improved compared with the existing meth-
ods. The simulation results show that the MMC valve
loss calculation method proposed in this paper is suita-
ble for HBSM, FBSM and CDSM and other topological
structures. The calculation results are consistent with
the simulation results using various voltages balance
strategies and operating conditions.

From the above results, the proposed loss calculation
method can achieve decoupling of switching losses and
pulse under the commonly used method. However, it
cannot reflect the change characteristics of switching
losses with arm currents in real time. Therefore, switch-
ing loss calculation error still exists although taking the
effective values of equivalent arm currents reduces the
loss calculation error.

5.5 The effect of the proposed voltage balancing method
With the traditional voltage balancing method and the
proposed method, the SM capacitor voltages, the fre-
quencies and the switching losses of power devices are
shown in Figs. 20, 21, 22.

With the traditional method, the peak and valley
capacitor voltages are 1.77 kV and 1.55 kV respectively,
and the ripple coefficient of the capacitor voltages is
6.6%. In comparison, with the proposed method, the
ripple coefficient of the capacitor voltages is 7.3%, indi-
cating an increase of 10.6%. However, it is still within
the acceptable range, meeting the requirements of
practical engineering application (10% of rated capaci-
tor voltage). On the other hand, with the two meth-
ods, the average switching frequencies of the first 10
SMs are 1.03 kHz and 0.23 kHz, respectively. Com-
pared with the traditional method, the average switch-
ing frequency of the SM decreases by 78.04% and the
unnecessary switching of the power devices are mostly
eliminated in the proposed method.
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Fig. 21 Capacitor voltages under the proposed method

6 Conclusion

Accurate evaluation of power losses is significant for the
parameter design and reliability analysis of an MMC-
HVDC. In this paper, the loss distribution characteristics
of the HBSM, FBSM and CDSM are analysed. An accurate
calculation method for converter power losses is proposed
to obtain the extra switching losses caused by the voltage
balancing strategy. This has not been calculated in detail in
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existing methods. The proposed method is suitable for var-
ious types of MMC topologies and has good performance
with different voltage balancing strategies and operating
conditions. Compared with the existing power loss calcu-
lation methods, the electromagnetic transient simulation
results show that the switching loss calculation accuracy
of the proposed method with the three voltage balancing
strategies can reach 94.3%, which is significantly higher
than that of the existing methods.
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