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Abstract—This paper demonstrates the presence of spurious
power losses or generation in the Arm Equivalent Model (AEM)
of Modular Multilevel Converters. Such power losses can occur if
model equations are not solved simultaneously with surrounding
power circuit equations, which is the case when the AEM is
implemented using control system blocks in an electromagnetic
transient simulation software. Depending on operating conditions
and simulation parameters, these additional losses can represent
a significant part of the total converter station losses or even
surpass them, thus making simulation results inaccurate.

Analytical demonstration of the losses is presented, and several
models that eliminate the losses are proposed. Based on
simulation studies, only the variable resistance model and
equivalent voltage source model can give accurate simulation
results without significantly increasing simulation time and
generating or consuming spurious power.

Index Terms—arm equivalent model, high-voltage direct
current, losses, modeling, modular multilevel converter

I. INTRODUCTION

he Modular Multilevel Converter (MMC) shown in Fig. 1

is a Voltage Source Converter (VSC) topology that has
several advantages in comparison with conventional two- and
three-level power electronic converters. Increasing the number
of sub-modules (SMs) per arm helps to reduce or even
eliminate filters, improve reliability and easily achieve
scalability to higher voltages. In addition, MMCs have lower
losses, switching frequency, transient peak voltages and
switching voltages [1], [2]. During normal operation, the
desired AC voltage waveform is constructed by inserting or
bypassing the appropriate number of SMs [3].

Due to the increased structural complexity of this type of
converter compared to the conventional VSCs, a larger set of
models is applicable in electromagnetic transient (EMT)
simulations, including detailed model (DM), detailed
equivalent model (DEM), arm equivalent model (AEM) and
average value model (AVM) [4]. The choice of the model
depends on the given simulated phenomenon and is associated
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with a compromise between required accuracy and tolerable
computational burden [5].

The models that include SM level details (DM and DEM)
require relatively large simulation times when compared to the
simplified counterparts due to increased complexity and
smaller time-step usage (in the order of several ps or less) that
is needed to achieve high accuracy [6]. The AEM represents
all individual SMs as a single equivalent circuit (see Fig. 2),
which makes this model advantageous for a large set of grid
studies where the converter behavior on SM level is
disregarded [7], [8]. Therefore, larger time-steps can be used
(tens of us) [6], [9].

The AEM can be implemented in different ways in an
EMT-type software. The model equations can be incorporated
into the main network equations (MNE), in which case the
model equations can be solved simultaneously with the
network. However, the main drawback is the inaccessibility of
model equations to the user. Otherwise, the model equations
can be implemented using control diagram blocks of the EMT
software [10], [11]. In this case, the drawback is the one-time-
step delay between the solution of control blocks and MNE in
EMT-type software.

In this article it will be demonstrated that in the second
approach (model in control blocks), additional spurious power
losses can occur, that can affect the overall behavior of the
circuit and make the simulation results less accurate. Similar
phenomenon of additional losses has been reported in [12] for
AVM but no detailed explanations have been provided.
Therefore, analytical formulation of such losses for AEM is
presented in this paper and solutions to remediate the problem
are discussed. Proposed solutions are validated on a practical
test case of an MMC-based HVDC transmission.
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Fig. 1. Three-phase MMC topology with a coupling transformer.
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This paper starts in section II with the presentation of main
equations of the AEM. Section III demonstrates analytical
derivation of spurious losses in steady-state. Solutions to
eliminate spurious losses are proposed in section IV. The
solutions are compared in steady-state and transient conditions
using EMT simulations of 401-level MMC-HVDC system in
section V.

II. NORMAL OPERATION OF ARM EQUIVALENT MODEL

Two operational modes are usually discussed when dealing
with MMCs: normal operation and blocked mode. In this
paper, normal operation is of primary interest, because power
losses are important in steady-state operation [13].

To evaluate spurious power, let us consider an ideal AEM,
i.e. lossless semiconductor devices (no switching or
conducting losses). The basic equations of the model for a
given arm during normal operation are as follows [4], [14]:

Varm (t) = S(t) thor (t) (1)
iCtot (t) = S(t) iarm (t) (2)
d Iy (£
Evc'tot ( ) = CtCt.—j) (3)
Ceq =Cyy /'N, SM 4
where s is the arm switching function, v, is the arm

voltage, v, is the equivalent capacitor voltage, i, is the

arm

arm current, i, is the equivalent capacitor current, C,, is the

equivalent capacitor, C,, is the SM capacitance and Ny, is

the number of SMs per arm.

If equations (1)—(3) are solved simultaneously at each time-
point, the solution is perfectly accurate, as demonstrated
below. Instantaneous arm power on the power circuit side is
given by:

Ijarm (t) = iarm (t) varm (t) (5)
Instantaneous power on the equivalent capacitor side becomes:
PCtot (t) = iCtot (t) VCtot (t) (6)

The powers in (5) and (6) must be equal, because there is no
other element that can consume, produce or store energy (as
semiconductor losses are not considered in this equation).
Considering (2), (6) can be rewritten as

P (£) = (£) 5(1) i (1) )
When considering (1), (5), and (7) it is clear that

P (t)=PCtot (t), so no spurious power losses occur

arm

irrespective of the waveforms of arm currents and voltages.

A. Classical AEM 1

Arm equations (1)—(3) can be implemented in an EMT-type
simulation software in a form of a control circuit (Fig. 2). In
this case, semiconductor conduction losses can be modeled
with a constant resistance [4]:

R, =Ry Ny ®)

arm

where R, is the ON-state resistance of IGBT switches.

Instantaneous conduction losses are then expressed as
.2
[)COND (t) = larm (t) Rarm (9)

Fig. 2. Classical AEM 1 for normal operation mode.

B. Classical AEM 2
Another possible implementation of classical AEM from
[4], [15] is shown in Fig. 3. Compared to the classical AEM 1,

there is an additional time-step delay between i, and

capacitor current i, introduced by the controlled current

source. The capacitor is implemented as part of power circuit.
Conduction losses (8) can also be included.

b) detailed diagram

a) overview
Fig. 3. Classical AEM 2 (constant capacitor) for normal operation mode.

III. SPURIOUS LOSSES OF AEM IN STEADY-STATE

In EMT-type software codes it is usual to solve control
system equations independently from MNE, which results in a
one-time-step delay between the two solutions. As it will be
demonstrated, this can result in spurious losses AP, which is

defined as the difference between P, (t ) and F,,, (t) :
AP(t) = Ijarm (t) _PCtot (Z)

A. Origin of Losses
1) Classical AEM 1

In EMT-type software implementation of classical AEM 1
shown in Fig. 2, there is a one-time-step (At ) delay between

(10)

v, (reference value from the control blocks), and v

arm

(actual voltage):

Vg (1) =V (14 2) (11)
Considering (11), (1) can be rewritten as
Vo (A1) = v, (1) =5(8) vg,,, () (12)
Considering (12), (7) is rewritten as
IJCtot AEM 1 (Z) = iarm (t) vr@f (t) (13)
Introducing (5), (11), and (13) into (10):
APy (8) =l () Vi (£ 4 8) =v,,,, (1) (14)

Clearly, as v,,, is not a constant value, the delay between
controls blocks solution and MNE solution causes a difference

between P, (t) and F., (t), which results in overall

arm

spurious power losses or generation (if negative value).



>REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 3

Assuming that simulation time-step is small, the arm
voltage derivative at a time-point ¢ can be approximated by
the finite difference:

d Vo (E+A8)=v,,. (1)
_ v t ~ arm arm 1 5
dt o (1) At (15)
With (15), (14) is rewritten to simplify steady-state analysis:

AP (1) =01, (1) v, (1) (16)

2) Classical AEM 2
Similarly, after algebraical manipulations, power at the
capacitor side can be obtained for the classical AEM 2:

(1—Ar)

S
Frion azn > (t) =l (f —Af) Vom (l‘+At)W

a7

Spurious power losses for the classical AEM 2 can be
derived from (17) as

d .
AI)AEM 2 (t) ~ At varm (t) Elarm (t) (18)
For better precision, a supplementary term can be added:

d tot t
5PAEMZ(’)“—A”am(t)vm(’)gvcy—() (19)
DC

The derivation of (17)—(19) is shown in the appendix.

B. Steady-State Spurious Losses

For high-power MMCs used in HVDC transmissions, it is
typical to have high number of levels and double-fundamental
frequency circulating current suppression control [16]. In this
case, high-frequency components in arm voltages and currents
can be neglected, as well as second-harmonic terms.
Therefore, only DC and fundamental components will be
considered in steady-state operation (in the following, indices
0, 1, and 2 represent the order of harmonic components):

i (1)=1,+1 cos(art+p)

arm

(20)
@n
where I,, I,, V,, and V| are the amplitudes of the DC and

the fundamental components of arm current and voltage
respectively, ¢, and ¢, are the corresponding phase angles,

Vo (1) =V, +V, cos(at +,)

and o is the grid frequency in rad/s.

The values of spurious losses can be estimated using only
(20) and (21). According to [17], derivative in (19) can be
approximated:

%vw ()= %{%cos(ax +,)+ [I;DI: cos(wt + %)}

eq

(22)
+CL{M cos (20t + ¢, + %)}

eq DC
Considering (16)—(22), spurious losses for any given arm
can be calculated as follows with classical AEMs:

APy, (1) = At I, + I, cos(at + ¢,) | ooV, cos(ngo‘, —%j (23)

AP, (1) = At[ V, +V,cos(at +¢,) | @l cos(a)t + +%j (24)

The above equations can be separated into harmonic terms:
DC components, fundamental components, and double-
fundamental-frequency components. For classical AEM 1:

1
AR (1) = At a)%cos(ﬂoﬂrtpv +, —%j (25)

AR (1) = At @V T, cos(a)tJr(pv —%) (26)

V. I
AR (t)=At @ %cos((p‘, -, —%J (27)
APAEMl(t):APZAEM](t)+AP]AEM](t)+APOAEMI(t) (28)

For classical AEM 2:
AEM 2 i 4

AR ()= At 5 cos 20t + ¢, + @, to (29)
AR (f)=At @V, I, cos(a)H(p, +%] (30)

VI
AE)AIfﬂfz(t)zAta)fcos[(pv -, —%) (31)

5E)AEM2(t)=_§|:ZOV]12 Z;ZI§+I§;ZI]2:|
eq DC DC DC (32)
AV +V0 " fo 1, cos(¢, —9,)
Ceq 4V, 2V

APOAEMZ(t)ZAP()A;ZZ(t)‘I‘é‘P()AEMz(t) (33)

A})AEMZ(t):AI)zAEM2(t)+ARAEM2(t)_i_AI)OAEM2([) (34)

The oscillating terms (25), (26) or (29), (30) will not
deteriorate steady-state power balance because all the extra-
generated power during one half-cycle will be consumed
during the other half-cycle. The constant term, however, will
always be present and will affect the converter power balance.

1) Double-Fundamental-Frequency Spurious Losses

Under balanced conditions, double-fundamental-frequency
components (25) (or (29) for classical AEM 2) in the lower
arms sum up to zero due to the 120° phase shift in between
them. The same can be said about upper arms, so these
components have no effect outside of the MMC.

However, depending on control strategies during grid
unbalance [16], fundamentals of current and voltage can differ
among phases, so it is possible that double-fundamental-
frequency spurious losses become visible outside the MMC.

2) Fundamental-Frequency Spurious Losses

In a given phase, the DC components of current and voltage
in the upper and lower arm are identical, while the
fundamental components have a 180° phase shift. Therefore,
fundamental-frequency losses (26) (or (30)) in upper and
lower arms cancel each other out in each phase, since they are
in phase opposition. Unbalance between upper and lower arms
in each phase is usually kept to a minimum even during grid
unbalance, so there is no effect of these losses on the external
behavior of the converter.
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3) Constant Spurious Losses

The constant losses (27) (or (33)) are the source of power
mismatch affecting the whole grid. Depending on the phases
of the AC components of arm current and voltage, power
generation can also occur. In balanced conditions, constant
losses are the same for all six arms, so their effects sum up and
can be observed outside of the MMC. During unbalance, the
values can differ among arms.

IV. ELIMINATION OF LOSSES
Four types of solutions to remove the spurious losses are
considered: time-step reduction, extrapolating voltage
references (extrapolation AEMs), variable resistance AEM,
and equivalent voltage source AEM.

A. Time-Step Reduction

According to (23) and (24), spurious power losses in
classical AEMs are proportional to Af. If it is supposed that
having maximal spurious power losses below or equal to 10%
of average conduction losses (9) (denoted as PF.,y,,) 1S

satisfactory, the corresponding A¢ can be found as:

max |APAEM 1| <10% PC()ND 0 (35)
Aty @V [I,+1]<00R,, [ I3 +17 /2] (36)
R, [15+17 /2]
Aty £0l———————= 37
AEM 1 Cl)l/l[lo-‘t‘ll] ( )
Similarly, the time-step for classical AEM 2 is:
R, |I2+1}/2
Aty < 0.1M (38)

ol [V0 + V]]
With this criterion, for high-power HVDC transmissions
where voltages can reach hundreds of kV and currents are in

the order of kA, satisfactory reduction of losses can be
achieved with time-steps not higher than 10 ps.

B. Extrapolation AEM 1

In steady-state and with relatively small simulation time-
steps, arm voltage derivatives do not change significantly
between adjacent time-points. This can justify a simple one-
ext
&

time-step extrapolation of the final voltage reference v,

supplied to the controlled voltage source:
v (0) =, (1) 480 v, 1)

Vo (£) = vig (1= t) (40)

The reference voltage derivative in (39) can be represented

in the vicinity of time-point ¢ using Taylor series (O represents
higher-order terms):

(39

vy (1) =V, (¢ —At)+At%vm_,f (t-Ar)+0(A7)  (41)

Finally, (14) is rewritten as follows:
AP () =1, () i (= A2) =V (1)]
=i,,(t)0(AF)

In steady-state and with small time-steps, the second- and

(42)

higher-order terms O(A¢*) are considerably smaller than the
first-order derivative in (16), therefore AP, is significantly

reduced. The derivative of the voltage reference in (39) can be
approximated similarly to (15), so:

ext _
Vi (1) =20, (6) =7, (1 -0)
The corresponding implementation is shown in Fig. 4.

(43)

Fig. 4. Extrapolation AEM 1 diagram.

C. Extrapolation AEM 2

Based on the same assumptions, extrapolation can be
applied to the classical AEM 2. In addition to (43), current
source reference is defined as

i (£)=2i,, ()i, (1—Ar)

The corresponding implementation is shown in Fig. 5.

(44)

Fig. 5. Extrapolation AEM 2 diagram.
D. Variable Resistance AEM

Another solution is to include a current-dependent
summand into the calculation of arm voltage. Discretization of
(3) using trapezoidal integration yields

thot (t) = I/hist Ctot (l) +RC iarm (t) s (t) (45)
with
I/hist Ctot (t) = thot (t - Al‘) + RC iarm (t _At) s (t - At) (46)
At
R = E (47)

Multiplying both sides of (45) by s(¢) and considering (1):
varm (t) = RC Sz (t) iarm (Z) +S(t) I/hist Ctot (t) (48)
Since V., cur (l‘ ) and s(t) are known before the solution of

MNE at the current time-point, implementation of (48) in the
form of a Thevenin equivalent is straightforward:

Vth (t) = Vhist Ctot (t) S(t) (49)
R, (1)=R. s*(1) (50)
In this case, arm equations (1)—(3) are all solved

simultaneously due to the instantaneous contribution provided
by the variable resistance, so no spurious power losses occur.
Equations (45)—(50) can be implemented using standard
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control diagram blocks, as shown in Fig. 6. However, this
solution requires refactorization of MNE each time the value

of R, changes. It can be noted that S(t ) in (49) and (50) can

be interpreted as a variable ideal transformer ratio.

Fig. 6. Variable resistance AEM diagram.

E. Equivalent Voltage Source AEM
The solutions presented in previous sections IV.B and IV.D
can be combined to overcome their inconveniences: instead of
including a variable resistance to increase precision, its effect
can be emulated by an equivalent voltage source V,,, so that

there is no need to refactor the MNE each time the value of the
switching function changes:

Ve (1)= Ry, 5, (1) (1)
where i is the extrapolated arm current.
This current can be obtained in a similar way to (44):
f (1) = 21 (£) =1, (1= A1) (52)

The corresponding implementation is shown in Fig. 7.

; &V ') 53, RC>‘ Ry

Fig. 7. Equivalent voltage source AEM diagram.

V. SIMULATION RESULTS

A 401-level MMC-based HVDC link (Fig. 8) is used to
validate the presented methods for eliminating spurious power
losses. A standard cascade control system is used [5]. MMC1
controls active and reactive powers, MMC2 controls DC
voltage and reactive power. System parameters are given in
Table 1. DC cable model details can be found in [4]. All
simulations are performed in EMTP [18].

Total converter station losses with half-bridge MMCs
amount to approximately 1% of its nominal power P [19],
whereas power losses in high power transformers can lie

within 0.3%-0.5% range of its nominal power [20], the rest
corresponds to the converter and auxiliary high voltage

equipment losses [21]. The latter is relatively small (around
0.1% [21]) and is neglected in this study. So, the transformer
losses are taken as 0.3% and the losses represented by arm
resistances (8) are taken as 0.6% of P

nom *

The ON-state resistance R,, of a single IGBT switch can
be found from (53) at nominal power transfer. The obtained
value is 2.304 mQ, which is realistic for high power MMCs
[21].

0.6
AN Prmm
100

In the simulations, a 50 ps time-step is applied when AEMs
are used. Having this relatively large time-step serves two
purposes: to emphasize the problem and to demonstrate that
even with a large Af, accurate results can be obtained if loss-
elimination methods are applied. The reference waveforms are
obtained with the DEM using Ar=5ps.

72
=6 Ny, Roy |:102 +é:| (53)

TABLE I
SIMULATION PARAMETERS
Parameter Nominal value Symbol
Simulation time-step 50 ps At
Grid frequency (both grids) 27 x 50 rad/s ®
Grid voltage (both grids) 400 kV Vac
Grid short-circuit level (both grids) 10 GVA Ssc
DC voltage 640 kV Vbe
Nominal MMC power (both stations) 1000 MW Pom
Number of SMs per arm (half-bridge) 400 Nsur
DC voltage reference 1 pu
Reactive power reference (both stations) 0 pu
ON-state resistance of IGBTs & diodes 2.304 mQ Roy
Arm inductance 0.15pu Lym
Transformer resistance 0.004 pu
Transformer inductance 0.18 pu
Capacitor energy 40 kKI/MVA
Prcc Pic Ppc
] » ] :
L 400/320kVi i DCcable 320/400 kV
' “HvMCl| | 640KV IMMC2
, s oe, O
control 1000 MW control

Fig. 8. Simulated point-to-point MMC-HVDC link.

A. Demonstration of Spurious Power Losses

To demonstrate the effects of spurious power losses, active
powers at different points of the circuit are shown in Fig. 9 for
the case of nominal power transfer using DEM and classical
AEMs: at the point of coupling with the grid ( £, ), at the AC
terminals (P,.) and at the DC terminals ( P,.) of the
converter. These points are shown in Fig. 8. Also, in Fig. 9,
adjusted power P, is shown for the classical AEMs. This is

the DC side power compensated for spurious losses:

Py (£)= Poc (1) = 2 AP™" (1)

m,n

(54

where m =4, B, C denotes phases and n = up, low denotes
upper and lower arms.
With DEM and AEMs, the difference between P... and
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P,. is 3 MW, which corresponds to transformer losses (0.3%

of the nominal power). However, visible difference exists
between P,. values. With the DEM, converter losses amount

to approximately 6 MW (difference between P,. and P,.),

which corresponds to 0.6% in (53). With the AEMs, the losses
are considerably smaller. However, adjusted power P, is at

the same level as P,. of the DEM, which confirms that

spurious losses are the source of the mismatch between P,..

1000
N A AN
§995 Be RN | S e
o8 B DC
S N SO RPN | K .
905 025 050 025 050 025 05
Time (s) Time (s) Time (s)
a) DEM b) classical AEM 1 c) classical AEM 2

Fig. 9. Transmitted active powers at different points (see Fig. 8).

B. Validation of Analytical Expression of Losses

To validate the analytical expression of spurious power
losses, the HVDC link is subjected to nominal power transfer.
The waveforms of AP in the upper arm of phase A at MMCl1
are shown in Fig. 10. Here AP, is the measured value from

meas

the simulation and corresponds to (10), AP, is the calculated

cale
value and corresponds to (28) for classical AEM 1, and to (34)
for classical AEM 2. Instantaneous semiconductor conduction
power losses FP.,, (9) are also shown in Fig. 10 to

demonstrate how spurious losses compare to the modeled
conduction losses.
Measured and calculated spurious losses match each other

well and their values are considerably higher than P, .

Table II shows the amplitudes of AP harmonics calculated
using (25)—(27) and (29)—(33) for different power angles ¢,,,

at PCC1 (see Fig. 8). Analytical calculations match simulation
results, which validates the analytical expressions.

Same operating conditions are used to demonstrate linear
dependency of spurious losses on Az, Fig. 11. Measured
values (markers) match analytical predictions (lines): for
classical AEM 1, (27) is considered; and (33) is for classical
AEM 2.

Considering results shown in Table II, Fig. 9 to Fig. 11, it is
clear that with both classical AEMs the effects of spurious
losses are significant and must be removed.

TABLE I1
SPURIOUS LOSSES WITH CLASSICAL AEMs (MW)
Operation Measures Calculations
mode APy,  |AP|  |AP AP, AP |AP,|
Classical AEM 1
Qrer=130° 0.56 1.50 2.36 0.54 1.50 231
Qrer=0° -0.67 2.15 2.70 -0.69 2.15 2.69
Prer=-30° -1.91 2.18 2.94 -1.93 2.18 2.96
Classical AEM 2
Qrer=130° 0.30 6.81 2.38 0.28 6.89 231
@rer=0° -0.87 6.58 2.61 -0.90 6.49 2.69
Qrer = -30° -2.15 6.38 2.79 -2.17 6.21 2.96

20 _ 40 60
Time (ms)
Fig. 10. Power losses in case of nominal power transfer.

—

At (ps)
Fig. 11. Effect of At on AP, in different operating conditions. Solid lines and
circles — classical AEM 1, dashed lines and crosses — classical AEM 2.

C. Steady-State Behavior Validation

To validate steady-state behavior of all proposed solutions
and to see their effect on spurious power losses, the HVDC
link is subjected to nominal power transfer. Measured spurious
power losses in the upper arm of phase A at MMC1 are shown
in Fig. 12. In case of time-step reduction, the At used for
AEM 1 is 1.5 ps, as calculated with (37). For AEM 2, the At
is taken as 0.5 ps, which is slightly larger than 0.43 ps
provided by (38).

With all solutions, spurious losses are lower than normal
conduction losses (that can be seen in Fig. 10). However,
neither significant time-step reduction nor extrapolation
eliminates losses completely. In these cases, the maximum
values of losses are in the order of 0.1 MW. Variable
resistance  AEM provides the most accurate results, the
spurious losses are equal to zero. Equivalent voltage source
AEM reduces losses below 1 kW, which is negligible.

200F, extrapolation N extrapolation ',\ E
N CAEM2 Wy COAERMIy S

N /

v TN
At reduction/(-,\ /!
-200FAEM2 (0.5 ps)

SENNLX
At\red{lction'\ ; e 0
L AEMI1 (1.5 ps) ) b

I} eq. voltage source ) w
N, ca & M, ¥y,

1]
\ ) »>

¢ || \' || . | v|‘ ]
! d varresisnce ¢
I | \
I \ K . ; \
0 L . >~ PISY NN v \

v t - x

0 20 , 40 60
Time (ms)

Fig. 12. Spurious power losses with different loss-elimination methods.

~Sa
=

D. Transient Behavior Validation

A 200 ms three-phase-to-ground fault at 0.4 s at the PCC1
(see Fig. 8) is used to validate transient behavior of all
proposed solutions. Fault resistance is 0.5 Q. The transient
waveforms obtained with DEM are taken as a reference.

Arm voltage of phase-A upper arm of MMCI1 is shown in
Fig. 13 to Fig. 15: both extrapolation AEMs exhibit high
spikes: 25 kV at 0.4387 s (zoom 1) and 180 kV at 0.4526 s
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(zoom 2). These moments correspond to sudden changes in
reference values in the control system. Another adverse effect
of extrapolation AEMs in Fig. 15 is that v, becomes

significantly negative (-18 kV), which is not realistic for
MMCs with half-bridge SMs because negative polarization of
such SMs would activate antiparallel diodes.

Table III compares the maximal relative deviation of the
DC voltage, arm voltage, and capacitor voltage in the upper
arm of phase A of MMC 1 during the same simulation with
various models. As in [7], relative deviation is computed by
dividing the absolute difference between the tested model and
the reference by the nominal value of the signal. All models
except extrapolation AEMs do not significantly deviate from
the reference. Highest deviations are observed in the values of
arm voltage. The most accurate match is obtained with time-
step reduction because higher-frequency transients can also be
represented with such small time-step.
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Fig. 13. Arm voltage with different MMC models.
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TABLE III
MAXIMAL RELATIVE ERROR (%)
Model Varm Veror Vbe

Classical AEM 1 243 1.29 0.66
Classical AEM 2 243 1.40 0.64
At reduction for AEM 1 (1.5 ps) 0.72 0.18 0.19
At reduction for AEM 2 (0.5 ps) 0.72 0.18 0.19
Extrapolation AEM 1 27.79 0.51 0.35
Extrapolation AEM 2 27.79 0.51 0.35
Variable resistance AEM 242 1.18 0.65
Equivalent voltage source AEM 242 1.18 0.62

E. Computing Times
To compare computing times of various models, the HVDC

link shown in Fig. 8 is simulated during 1 s in steady-state
conditions. Results are shown in Table IV. The reference
computing time is taken as the one of the classical model
AEM 1. Execution time of the DEM is also shown for
comparison.

Both classical AEMs have almost identical computing
times. Reducing the time-step considerably slows down the
simulation (computing times are comparable to that of DEM).
The extrapolation AEMs are only slightly slower (less than
6 % difference compared with the reference) due to the
presence of additional control blocks. The variable resistance
AEM has longer execution time due to the need to refactor the
MNE (30% increase in simulation time). Equivalent voltage
source AEM is faster than the variable resistance AEM but
still about 10% slower than the reference.

TABLE IV
EXECUTION TIME OF DIFFERENT MODELS

Relative execution

Model Execution time (s) time (%)
Classical AEM 1 (reference) 2.02 100.0
Classical AEM 2 2.05 101.5
At reduction for AEM 1 (1.5 ps) 46.99 23243
At reduction for AEM 2 (0.5 ps) 140.79 6963.4
Extrapolation AEM 1 2.10 103.9
Extrapolation AEM 2 2.14 105.8
Variable resistance AEM 2.69 132.9
Equivalent voltage source AEM 2.28 112.8
DEM (5 ps) 63.75 3152.9

VI. CONCLUSION

This article demonstrates that spurious power loss or
generation can occur when using the arm equivalent model of
MMC implemented in an EMT-type simulation software.
Such power losses are caused by the delay between the
solutions of power network and control system equations used
in the AEM implementation. Depending on the simulation
conditions, spurious losses can represent a significant part of
or even exceed total station losses, thus deteriorating the
accuracy of simulations.

Several solutions are considered in this paper to remove or
reduce the effects of such losses: reducing the time-step,
extrapolating arm voltage references, including a variable
resistance into the nodal matrix and replacing the variable
resistance with an equivalent voltage source. The
performances of all proposed solutions are compared on a
point-to-point MMC-HVDC link benchmark.

Based on the performances of studied solutions, the variable
resistance AEM is recommended for the highest possible
accuracy. The equivalent voltage source AEM offers the best
compromise between accuracy and computing time.

APPENDIX

A. Capacitor-Side Power in Classical AEM 2
From Fig. 3, the following equations can be written:

Ve (1) = Ve, (2) 5(2)

ey (1) =i (£ — A1) 5 (1= At)

(35)
(56)
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Using (55) and (56), capacitor-side power (6) for the
classical AEM 2 can be formulated as

p Vyer (t)

Ctm‘AEMZ(t):iarm (t_At)S(t_At) S(l) (57)
Using (11), (57) is rewritten as
. s(1—Ar)
PCtot AEM 2 (t) = larm (t - At) Varm (l + At)— (58)

s(1)
So, (17) is obtained.
B. Spurious Losses in the Classical AEM 2

With small time-steps, exact values of all signals in (58) can
be replaced by first-order Taylor series elements at a time-
point ¢ :

Ly (1—=01) =i, (1) —At%im (¢) (59)
v (1400 = v, (1) + At%vm,m (1) (60)
st-80) | s o)

l-———s(t
s(1) s’V
If IT, is defined as a product of right-hand sides of (59) and

(60), P.,, s, can be rewritten:

. d d .
1 0) =8 o (1) 530 (1) (1 10 (1)
4 J (62)
+iarnz (t) Varm (t)_At2 Eiarm (I)Evarm (t)
At d
})CtotAEMZ(t)NHl(t) l_mas(t) (63)

Neglecting the summands that include multiplication by
At* or Af' in (63) since At is considered small:

: d.
pClol AEM 2 (l) ~ larm (Z) szrm (t) - At varm (t)_larm (Z)

dt 64)
. d % (t) d
Ati (t)| — 1) —s(t
+ l(nm() dzvzzrm() S(l) dtS()
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