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Abstract—Modular multilevel converters (MMCs) for high-
power applications may contain over a thousand submodules. In
work such as submodule design or innovation to build a full system
with as many levels to test the submodule is time consuming and
costly. To solve the problem, testing schemes are being developed
to allow an individual submodule to be tested without a complete
MMC. This paper presents a new submodule testing scheme that
builds on a recent development to improve the testing capability.
The improved structure is introduced along with design and control
techniques. A design example of a test platform to test SMs with
2000-V rated voltage is introduced, which only requires a 545-V
dc supply. The voltage testing capability is increased by more than
five times when compared with the original scheme. In addition,
simulation results show that the proposed method can offer better
current tracking accuracy than the original with the same parame-
ter settings. A prototype test platform, designed to test submodules
with 400-V rated voltage and 14-A current, has been built and
tested experimentally in order to verify the design.

Index Terms—Design validation, electromagnetic and elec-
trothermal characteristics, modular multilevel converter (MMC),
submodule (SM), testing.

1. INTRODUCTION

HE modular multilevel converter (MMC) is a promising
T technology for the next generation of high-power voltage-
source converters targeting grid and other applications. The ef-
ficiency is usually improved because of the reduced switching
frequency of the semiconductor devices [1]. The large number
of steps in the synthesized ac-side voltage waveform produces
a low distortion level and good EMC performance, which sig-
nificantly reduces the need of passive filtering. The modular
structure obviates direct series connection of the semiconductor
devices [2]-[4].

Fig. 1 shows a typical dc to three-phase ac MMC that con-
sists of six arms, each containing a string of submodules (SMs).
In the work for SM design or topology innovation, it would
be important to verify the design performance before the fi-
nal assembly, in terms of electromagnetic, electrothermal, and
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Fig. 1. Typical diagram of a MMC (half-bridge SM).

electromechanical characteristics under practical operational
conditions including SM faults. Building a complete MMC for
SM testing would be both time consuming and costly. Various
alternative methods were proposed to test the SM individually
without a complete MMC [5]-[10]. Such single SM testing ap-
plies to any well-balanced system with identical SMs. The test
of one SM can well predict the performance of the rest. There
are two major challenges in single SM testing. First, the arm
current that passes through the SM usually contains not only
a sinusoidal component at the fundamental frequency, but also
a dc offset and low-order harmonic circulating current compo-
nents. Second, the switching frequency of the SM can be as low
as the line frequency that is independent of the current pass-
ing through it. Hence, to accomplish the test, a current source
is required to generate the reference “arm current” without the
cooperation (switching) of the SM under test. Most of the test
methods presented in the past [5]-[9] failed to address the two
requirements simultaneously.

Tang et al. [10] proposed to use a full-bridge converter with a
coupling inductor to emulate the required “arm current” through
hysteresis control, as shown in Fig. 2. Both the generated “arm
current” and the SM switching sequence are very close to the sit-
uation as if the SM were installed in a complete MMC. However,
in order to generate the current in hysteresis control, the dc sup-
ply voltage of the full-bridge must be higher than the peak SM
capacitor voltage. In some cases, the required dc supply voltage
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Fig. 3. Compensated SM testing scheme with half-bridge prototype SM.

would be more than double the rated voltage of the tested SM,
which calls for much higher voltage withstanding capability of
the power switches in the full-bridge converter. For tested SMs
with rated voltage lower than 2 kV, the required dc supply volt-
age may be as high as 4 kV. In such a case, IGBT/diode power
modules with higher voltage level (such as 6.5 kV) are still
commercially available for the full-bridge, but if the SM rated
voltage is higher than 2 kV, leading to more than 4-kV dc supply
voltage, no existing IGBT/diode power modules can be directly
used. Series connection of power switches in the full-bridge
may have to be adopted to withstand the much higher dc sup-
ply voltage, leading to complex circuitry and voltage balancing
scheme.

In order to improve the testing capability of the existing test
platform as in Fig. 2, this paper proposes the use of an auxiliary
SM to compensate the large dc voltage across the capacitor of
the SM under test. By doing that the dc supply only needs to
be higher than the SM capacitor voltage ripple (ac variation)
that is much lower than the SM rated voltage, leading to largely
reduced dc supply voltage demand, power switches’ voltage
withstanding capability, as well as the coupling inductance. The
rest of this paper is organized as follows. Section II introduces
the basic structure of the compensated SM testing scheme and
its control strategy. As the original capacitor voltage regulator
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in [10] has opposite effects on the added auxiliary SM, a new
voltage control is proposed for the auxiliary SM capacitor. Com-
ponents selection to implement the current source is provided
in Section III. After that the dc supply and coupling inductance
demands of the proposed method are compared with the orig-
inal. In Section IV, a design example of a test platform to test
SMs up to 2000-V rated voltage is given. The testing capability
of the same platform while using the original method is also
presented. It shows that the proposed method can help us to
increase the voltage testing capability by more than five times
with even better current tracking accuracy. Computer simula-
tion verifies the design. In Section V, a scaled-down prototype
test platform, designed to test SMs with 400-V rated voltage
and 14-A current, is built and tested experimentally. Section VI
concludes this paper.

II. COMPENSATED MODEL-ASSISTED SM TESTING SCHEME:
METHOD AND CONTROL STRATEGY

A. Basic Concept and Circuit Diagram

Fig. 3 shows the compensated SM test platform with offline
simulation as proposed in this paper. The MATLAB/Simulink
is used as the reference signal generator and a dSpace DS1103
as the interface between the computer and the platform. The
switching sequence and “arm current” signals are pregenerated
and recorded through computer-aided simulation of a complete
MMC. The recorded signals are then used to drive the current
source and the SMs directly. If a powerful simulator is available
to run the complete MMC simulation model in real time, the
SM can be tested in an online environment. In such a case, the
test platform acts as an output power amplifier that acquires the
SM capacitor voltage signal in the physics domain and sends
back to the simulator to close the control loop.

Similar to the uncompensated test platform shown in Fig. 2,
the current source in the proposed compensated test platform
also consists of a full-bridge converter and a coupling inductor.
As the difference, an auxiliary SM is connected in series with the
prototype SM in a reversed direction. Both SMs have the same
current and voltage ratings. Note the ratings of the auxiliary
SM can be higher than the prototype. With the same switching
sequence, the two SM capacitors will be switched into the circuit
simultaneously and the dc component in both capacitor voltages
will be cancelled out leaving only small ac voltage variations.
The voltage ripple of the two SMs would have the same shape
but opposite polarities when identical capacitors are used. They
are added together and the dc supply voltage V. only needs
to be higher than the total peak voltage ripple of the two SMs
to achieve the hysteresis current control. As the SM capacitor
voltage ripple is usually very small in MMCs, the required dc
supply voltage can be much less than the SM rated voltage.

B. Control Strategy—Hysteresis Control

Fig. 4 shows the control diagram of the proposed test platform.
As discussed in [10], since the PI and the proportional-resonant
(PR) controllers for single-phase inverters can only operate for
a single frequency, in order to generate the desired “arm cur-
rent” with not only the fundamental but also dc offset and other
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Fig. 4. Control diagram of the compensated SM test bench.

low order harmonics, multiple PI or PR controllers have to
operate concurrently [11]-[13], complicating the controller de-
sign. In contrast, the hysteresis current control offers a simple
and robust way to track the current reference with multiple
components [14], [15]; it is therefore adopted. Simulation re-
sults showed that the hysteresis current controller is adequate,
and the high-frequency current tracking errors introduced by
the hysteresis switching have negligible impacts on the SM
under test.

As shown in Fig. 3, the hysteresis current control can be
realized by varying the voltage on the coupling inductor through
switching the full-bridge converter. In order to limit the di/dt of
the generated “arm current,” the switching of the full-bridge
shall not only consider the current tracking error e, (¢), but
also outputs of the two SMs. In order to include such effect, as
shown in Fig. 4 (the bottom dashed box), vsyaif (¢) is defined as
the output difference of the two SMs due to the reversed-series-
connection configuration. The other control variable that affects
the switching of the full-bridge is related to capacitor-voltage
control of the auxiliary SM. In such as case, the two SMs will
not be switched simultaneously for the reason to become clear
later. Simultaneous switching is first assumed in analysis.

ierror (t) s the difference between the actual “arm current”
arm () achieved by the hysteresis switching and its reference
Tarm _ref (t). The hysteresis band is defined as & H),,,q. The se-
lection of Hy,,,q will be discussed later. When 4,0, (£) is above
the hysteresis band + H},.,q, the output signal of the hysteresis
block will be Hy;, = 1, indicating that the actual “arm current”
needs to be reduced. When depror (£) is below —Hpana, Hig
will be 0, indicating that the actual “arm current” needs to be
increased.

According to Fig. 3, the voltage on the coupling inductor
VI, (f,) is

vr (t) = veg () + vsmair () (D

where vpp (t) is the output voltage of the full-bridge. vgyiaif (£)
can be derived by

VSMdiff (t) = Vauxout (t) — USMout (t) (2)
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TABLE I
OUTPUT STRATEGIES FOR THE FULL-BRIDGE CONVERTER

Prototype and auxiliary SMs are simultaneously switched in/out

iarm 18 too small vsndift (1) < Vinres vsmditt (1) > Vinres

(Hgsig = 0) vrg (t) +Vae 0

vr, (t) Viae + vsmaire (t) vsmdiff ()
tarm 18 too large vsnmditt (1) < —Vinres  venmditt () > —Vinres
(I’I,‘ig =1) vpp (t) 0 —Vie

v (t) vsndit (1) —Vie + vsmaire (1)

where Vauxout (£) is the output voltage of the auxiliary SM and
vsMout (£) is the output voltage of the prototype (see Fig. 3 for
reference directions). When the capacitor of the auxiliary or the
prototype SM is switched into the circuit, the output voltage
Vanxout (t) OF UsMout (t) 1s about the capacitor voltage vauxc (t)
or vgyc (t). When the SM is bypassed, the output voltage is
approximately zero.

The switching strategy of the full-bridge converter is simple
when both SMs are bypassed. In such a case, the full-bridge will
output either +Vy,. or —V3. when the “arm current” is too small
or too large. When the two SMs are switched into the circuit, as
(1) shows, the inductor voltage is a combined effect of both the
full-bridge output and the outputs of the SMs. When the actual
“arm current” is too small and needs to be increased (Hg, =
0), vr, (t) must be positive. One way to generate the positive
vr (t) is through switching the full-bridge to have vpg(t) =
Vic. This applies when vsnqie () is negative or positive but
with small amplitude. As vgniqig (¢) further increases, the total
voltage ripple of the two SM capacitors is enough to increase
the “arm current” at a comparable rate [compared with the case
when vpp (t) = Vj.]. In such a case, the full-bridge converter
will only output zero voltage to limit the value of vy, (¢), which
helps to limit the di/dt of the current and also the switching
frequency. As a result, the coupling inductance can be very
small and the switching frequency of the full-bridge would only
vary in a small range. The threshold voltage to decide whether
the full-bridge converter shall output Vi. or O is defined as
Vinres. The situation is similar when the actual “arm current” is
too large and needs to be reduced (Hgiy = 1). Due to symmetry,
the threshold voltage in this case is —Vjycs. Detailed output
strategies for the full-bridge are concluded in Table 1.

One way to select the threshold voltage Vip,es for the full-
bridge to output zero voltage is to ensure that the changing rate of
the current is faster than in the case when the full-bridge outputs
+Vjg.. For instance, when 4., (¢) is too small and needs to be
increased (Hgi, = 0), the slowest rising rate of é,ym (¢) in the
case when vpp (t) = Vg, corresponds to the minimum coupling
inductor voltage as

VLmin = Vdc + VvSMdiffmin (33.)
VSMdiffmin = - (‘/}SMCaC + ‘quxCac) (3b)

where ‘A/SMCM and {ZHXCM are the amplitudes of the prototype
and the auxiliary SM capacitor voltage ripples, respectively. For
simplicity, the capacitor voltage ripple is assumed symmetrical
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around its time average (dc component). The small difference
between the positive and negative peaks is neglected. Two pa-
rameters kgnicae and kiuxcac are defined as the ratio between
the peak-to-peak voltage ripple and the rated dc voltage. That is

2‘/}SMCac

ksycac = ———— (4a)
Vsmcde
2‘//\;111)((18(:

kauxCac = 35 (4b)
V;uxCdc

where Vsyicde and V,uxcae are the rated de voltage of the pro-
totype and the auxiliary SM capacitors, respectively. In order to
achieve better voltage cancellation effect, the rated dc voltage
of the auxiliary SM is set to be equal to that of the prototype,
ie.,

V;uxCdc = VYSMCdC» (5)

As stated above, when the full-bridge converter outputs zero
voltage, the minimum coupling inductor voltage would be equal
to Vinres- The selection of V.5 must be large enough so that
the rising rate of 4., (t) is faster than the slowest case given by
(3a). On the other hand, since the maximum inductor voltage
will be (Vinres + Vae) when vpp (t) = Vie, Vinres needs to be
chosen as small as possible to limit the maximum current step.
Hence, a suitable value for V{},,¢s can be derived by substituting
(3b), (4a), and (4b) into (3a), that is

1
- V;lc - 5 (k/’SMCa‘c + kauxCac) VYSMCdc (6)

where V,.xcde equals Vgnicde when needed.

Due to symmetry, the negative threshold voltage is set at
—Vinres- In some cases, when both capacitor voltage ripples are
so small that the threshold voltage is never met, the full-bridge
converter will always output £V..

V;hres

C. Control Strategy—Capacitor Voltage Control

In steady state, the time average (dc component) of a SM ca-
pacitor voltage will be constant for any given “arm current” and
switching sequence from computer simulation. In practice, due
to the switch-ON dead band, nonideal characteristics of power
switches, and current tracking error of the current control, the
capacitor dc voltage may not be balanced anymore [10]. As
shown in Fig. 4, the prototype SM adopts the voltage regulator
proposed in [10] through injecting small compensation current
into the “arm current.” The value of the injected current is de-
rived by a PI controller with variable gains. The input of the
PI controller is the error between the SM capacitor dc voltage
reference and the actual measurement. During energizing and
discharging of the SM capacitor, the proportional gain (k) is
large and the integral gain (K )is very small for fast transient
response. When the system reaches steady state, K, is largely
reduced and K; is increased so that the PI controller will then
be dominated by the integral part with very small bandwidth to
limit noise effect. The advantage of this voltage regulator is that
no time delay will be introduced between the “arm current” and
the switching sequence of the SM to ensure high accuracy of
the test. In steady state, the injected current is usually less than
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1% of the peak “arm current” and it has been shown to have
negligible impacts on the test results [10].

For the auxiliary SM, however, the aforementioned voltage
regulator will have opposite effects on its capacitor dc voltage
VauxCde (1) due to the reversed-series-connection configuration.
Positive injected current will actually reduce vauxcdc(t). To
solve this problem, Fig. 5 shows a switch-delay control for the
auxiliary SM, which is independent from the prototype SM
voltage regulator. The top graph is the current flowing into the
auxiliary SM 4.,y (t) (see Fig. 3) and the bottom shows its
switching sequence, where “1” stands for SM switched-in and
“0” means SM bypassed. AT is the sampling period of the
test platform. When i, (t) is positive, if a switch-ON delay
is applied, the capacitor will not get charged during the delay
period, and if a switch-OFF delay is applied, the capacitor will
get further charged. In the other case, when i, (¢) is negative,
the capacitor will be discharged less or get further discharged if
switch-ON or switch-OFF delay is applied.

Note when the switching of the auxiliary SM is delayed, the
two SMs will be no longer switched simultaneously. vsyqif (t)
will equal to one full SM capacitor voltage, either vgyic (¢) or
Vauxc (1), which is usually much higher than Vj.. In such a case,
the full-bridge converter will not be able to control the “arm cur-
rent” 4., (t) and the dynamics of ., (¢) will be dominated by
vsmdifr (t). For instance, when v,,xcdc(t) is too high, switch-
OFF delay can be applied when 7., () is negative to get further
discharged. At this moment, only the auxiliary SM capacitor is
connected in the circuit and vgniqie () equals vayxc () accord-
ing to (2). As Vg, is always smaller than v,,xc (t), tarm () tends
to increase in any event. In order to ensure that the current error
is always within the allowable band in steady state, the switch-
OFF delay can be only applied when 4,,,, (¢) actually needs to
be increased (Hyi; = 0), and the current tracking error 4eyror ()
is less than a threshold current Iip es— . Iihres— 18 usually nega-
tive and is set to leave enough margin for e, (%) to increase.
If the permitted maximum current tracking error is defined as
Al .« and the maximum current change of 7,0, (¢) during a
switch-delay period iS dleiror_delay. The current threshold can
be derived as

Ithresf = AIIH&X - dIerror,delay' (73)
In the same case [Vayxcdc(t) is too high], when i,y (t) is
positive, the switch-ON delay can be applied and the auxiliary

SM capacitor will not be charged during the delay period. At this
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TABLE II
SWITCH-DELAY STRATEGIES FOR THE AUXILIARY SM

Vauxcde (1) iqus (t) < 0 (flow out) daux (t) > 0 (flow in)

Too high Switch-OFF delay Switch-ON delay
(Hsig = 0and (Hgig = 1and
icn-or(i) < Ithres—)? icrmr(t) > Tinress )’
Too low Switch-ON delay Switch-OFF delay

(Hgig = 1and
i(\rror(t> > Iinres+ )q

(Hgiy = 0and
derror (t) < Iihres—)*

“Only applied in steady state.

TABLE III
OUTPUT STRATEGIES FOR THE FULL-BRIDGE CONVERTER

Auxiliary SM switch-delay control active (steady state)

Switch-OFF delay vrp (1) —Vie

vp () —Vae + vauxc (1)
Switch-ON delay vpp (t) +Vie

v (1) Vie —vswmc (t)

moment, vsngif (¢) would equal to —vgyic (¢) and 4,1, (t) tends
to decrease in any event. Hence, the switch-ON delay can only
be applied when 7., (t) actually needs to be reduced (Hgiz = 1)
and 7,10, () is higher than a positive threshold current Iy yes+ -
Similar to (7a), the value of Ii},;.5+ can be derived by

Ithres+ = _Almax + dIerror,delay- (7b)

Detailed switch-delay strategies for the auxiliary SM are con-
cluded in Table II. As the conditions in the brackets would slow
down the dynamics of the voltage control, they are only applied
in steady state. In transient, the switch delay is used whenever
VauxCdc (t) is outside the permitted range. The period of the
switch delay is usually chosen as short as possible to limit the
resulting large current error. In the prototype, it equals the sam-
pling period AT (50 ps) of the test platform dSpace DS 1103.

Table III offers another measure to limit the current er-
ror during the switch-delay period by compensating the large
vsmdift (t). The full-bridge converter will output —Vy. when
the switch-OFF delay is used and will output +V;3. when the
switch-ON delay is used.

III. COMPONENTS SELECTION TO IMPLEMENT THE
CURRENT SOURCE

The primary objective of the test platform is to provide the
desired “arm current” and inject it into the prototype SM. Due to
the constant switching of the SM capacitor, the load conditions
of the full-bridge converter vary frequently. Hence, in order to
keep the current tracking error within an allowable range at all
times, parameters of the test platform must be carefully chosen.
In this section, dynamic characteristics of the “arm current”
generated by the proposed testing method are first analyzed and
compared with the original method [10]. Based on the under-
standing of the current tracking error, a method is provided to
select the coupling inductance L and the full-bridge converter
dc supply voltage V., which can be applied to both testing
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methods. After that the component demands and testing capa-
bilities of the two methods are compared in detail.

A. Current Dynamics and Tracking Error

Fig. 6 shows the measured characteristics of current and volt-
age waveforms of the two testing methods. The solid saw-tooth
line represents waveforms for the proposed method, while the
dashed saw-tooth line is for the original method. When the pro-
totype SM capacitor is bypassed (as well as the auxiliary SM
capacitor in the proposed method), the coupling inductor voltage
vy, (t) will equal the full-bridge output vpp () for both methods
as in Fig. 6(b) and (c). When the SM capacitor is switched in,
for the original method, the inductor voltage would be equal
to either the entire SM capacitor voltage vsyic (¢) or the dif-
ference between vpp (t) and vgnc () depending on the current
tracking error thereby leading to unsymmetrical increasing and
decreasing rate of 7,.,,. For the proposed method, the inductor
voltage in such a case would be the difference between vpg ()
and the total voltage ripple vsyaif (t) or vsyrdis () alone. Both
the increasing and decreasing rate of i,,, would depend on
vsmdift (£). In all cases, although the proposed method uses a
much lower supply voltage, due to the smaller coupling induc-
tor, the current dynamics in the two methods are similar. The
last segment (waveform) for the proposed method shows the
current and voltage responses during the switch-delay control.
At this moment, one entire SM capacitor voltage, either the
prototype or the auxiliary will be applied on the inductor. Com-
ponents selection for the proposed method shall also consider
the switch-delay control in order to keep the current error within
the allowable bands at all times.
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Fig. 7 shows a typical waveform of the current tracking er-
IO Gerror (t) When using the proposed testing method. The out-
ermost dashed lines define the permitted current error range
[—AlLnax, +ALyax] that deo, (t) must never exceed. The in-
nermost double dashed lines are the thresholds for the hys-
teresis control. When écrror (t) > +Hpand, Hsig = 1 and when
Gerror (t) < —Hpand, Hsig = 0. Due to the limited sampling fre-
quency f of the test platform, the actual current error may be
much larger than the hysteresis band. That is the reason a mar-
gin is left between the outer + Al and inner +Hy,,,q4. The
minimum width of this band equals the maximum current error
step in a sampling period AT, i.e., dl¢;ror_max- The remaining
two double-dots dashed lines are the current thresholds Zijyes+
and [iy,e5— for the auxiliary SM switch-delay control.

B. Selection of Control Parameters

The maximum permitted current error £A[,,, defines the
current tracking performance of the test platform. One way to
determine +AI,,, is according to the resulting error in the
experiment outputs, such as losses in the prototype SM power
switches. A detailed selection process can be found in [10]. In
order to quantify and compare the current tracking performance
of different test platforms, A}, .« can be written as

AImax = kAIm“A (8)

where A is the peak amplitude of the fundamental component in
the reference “arm current” and ka7, is defined as the error
constant. Usually, kay,,,. is around 0.1-0.15 depending on the
required current tracking accuracy of certain tests. The impacts
of different ka___ settings on the component selection will be
detailed later.

Once the permitted current error +A7, .« is decided, the
hysteresis band + Hj,,,,q can be selected. As the hysteresis band
directly decides the switching of the full-bridge converter, one
design criterion of & Hj,,,q 18 to ensure that the upper switching
frequency limit of the full-bridge (fsw_max) Will never be ex-
ceeded for heat dissipation and EMC reasons. As shown by the
“fast switching” in Fig. 7, in such a case, the full-bridge would
change its output at the very sampling instant as the current error
is always larger than the hysteresis band [— Hyana, +Hpana]- In
such a case, the actual switching frequency will be half of the

max
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sampling frequency f;. If the permitted switching frequency is
lower than that value, the width of the hysteresis band must
be larger than the maximum current error step d/error_max 1N a
sampling period. This can be derived as

1
dIEI'I'OI'JIlaX = ZVLHI&XAT + WAAT (9)

where Vi, ax 1S the maximum inductor voltage, and w is the
MMC ac-side line frequency. Here, in estimation, the harmonic
circulating current components are neglected because of their
much lower amplitudes. In cases where the harmonic currents
are not small, their effects shall be included. A fixed relation can
be found between Hy,anq and dle;yor_max to ensure that foy max
is never exceeded as [10]

1 s
Hband = 5 {fJ dIerrorJna)v (10)

2fSVV -max

C. Selection of Component Parameters

This section will focus on the selection of the components for
the coupling inductance L and the dc supply voltage Vj.. First,
in order to ensure the current error is always within the per-
mitted range [—Alax, +ALnax], the minimum gap between
+Al . and +Hy g must equal the maximum current error
step dlerror_max» given by

AImax - Hband > dlerror,max- (1 1)
Substituting (9) and (10) into (11) gives
max 2Almax s
Vima fs oAl (12)

Lo may [2ffTJ

Note that AT = 1/ f,. Equation (12) gives the upper limit
of the ratio between V7.« and L. Another design criterion is
that the rising speed of the “arm current” must be faster than its
reference at any time. With the harmonic components neglected,
the fastest rising speed of the reference occurs when the current
crosses its dc offset from underneath. At that instant, the slope
equals to wA and (13) must be satisfied

VLE““ > wA (13)

where V7,5, is the minimum inductor voltage.

Due to symmetry, only the case when 4,1, (t) is rising is
considered. Vi ,ax and Vi, are the maximum and minimum
inductor voltage when it is positive (or absolute value). The
above equations also apply when i, (t) is decreasing.

According to (3)—(6) and Table I, Vi .« and Vi, can be
derived as
2Vdc -

1
Vimax = 3 (ksmcac + FauxCac) Vsmcde (14a)

1

- 5 (kSMCac + kauxCac) VYSMCdc- (14b)
Note that the auxiliary SM switch-delay control is assumed

inactive here.

VLmin = V;lc
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Substituting (14a) and (14b) into (12) and (13) leads to

1
wLA + 5 (kSMCac + kauxCac) VvSMCdc < V:lc

k sLA wLA 1
S Almax.f; - 9 + Z (kSMCac + kanxCac)
2+ {2f§\;;,axJ
X Vsmode- (15)

As the maximum value of (15) must be larger than the mini-
mum, leading to the lower limit of the inductance L as

1
b (kSMCac + kauxCac) VYSMCdc
2k s
uﬁ% — 3w A

2fsw_max

L> (16)

where Al .« equals kar,,, A when needed as in (8).

Equations (15) and (16) give the criteria to choose V. and L
for the current source. If the platform is required to test different
SMs with various specifications, the inductance can be chosen
as the highest value for all cases. Then, V. can be decided by
(15).

Note that (14a) does not include the auxiliary SM switch-
delay control. When all parameters are decided, the current
thresholds Iipyes+ and Iippes— can be derived by (7a) and
(7b). If the two thresholds are outside the permitted region
[~ ATyax, ALy, the switch-delay period shall be reduced
or the supply voltage V. shall be increased to further compen-
sate the large inductor voltage due to the switch-delay control.

D. Component Demands Comparison

This section compares the component demands of the two
testing methods. In this section, design parameters with sub-
script “1” are for the original uncompensated testing method,
while those with subscript “2” are for the proposed compensated
method. For the original method, both (12) and (13) can be also
applied. The maximum inductor voltage V7 ,.x1 can be found
in Fig. 6(b) which equals the dc supply voltage Vj¢1. The mini-
mum inductor voltage V71,1 (absolute value) would be the dc
supply voltage minus the peak SM capacitor voltage. Based on
the above analysis, Vimax1 and Vi nmin1 can be written as

Vimax1 = Vi (17a)
Vimint = Vaer — Vsmcmax = Vel — (1 + ;kSI\JCac,)
X Vsmcde- (17b)
Substituting (17a) and (17b) into (12) and (13) gives
wLi A+ (1 + ;kSMCaC> Vsmcde < Vder
< ZhanuAfaln wLi A. (18)

2+ {fofJ

Also, the minimum required inductance can be derived as

(14 $ksncac)  Vemcde
2k fs1 A
2+L fs1 J 2w

2fsw_max

Ly >

19)
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fs=20 kHz, katmax = 0.15

15 kSMCac

Vsmcad/A4
(©)

Fig. 8.  Comparison of the coupling inductance demand between the two
testing methods with different (a) SM capacitor voltage ripple ksnicac, (b)
current tracking accuracy ka .. » and (c) sampling frequency f;.

The dc supply voltage and coupling inductor demand func-
tions of the original method as in (18) and (19) have the same
structure as the demand functions for the proposed method as in
(15) and (16). In the following, the component demands of the
two testing methods to test the same SM will be compared us-
ing the above equations. As the entire “arm current” would pass
through the coupling inductor and the full-bridge in both test-
ing methods, the current testing capability of two methods are
assumed equal. Hence, only the required coupling inductance
and the dc supply voltage of the full-bridge are compared.

Fig. 8 shows a group of comparisons of the required in-
ductance between the two testing methods. The marked curves
without a central line stand for the original method while the
ones with a central line are for the proposed method. In all
cases, the original method requires much larger inductance
than the proposed one and both would increase with increasing
(Vsmcde/A), which is the ratio between the SM rated voltage
and the peak amplitude of the fundamental component in the
“arm current.” Note that this applies only when the harmonic cir-
culating currents are small and can be neglected. Otherwise, the
parameter A shall include not only the fundamental component
but also other major harmonic components.
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Fig.9. Comparison of the dc supply voltage demand between the two testing

methods with different (a) and (b) SM capacitor voltage ripple ksnicac, (¢) and
(d) current tracking error ka1, , . » and (e) and (f) sampling frequency f.

More specifically, Fig. 8(a) illustrates how the inductance de-
mand would vary with different SM capacitor voltage ripple
ksnicac- In the proposed method, the capacitor voltage ripple
of the auxiliary SM is set equal to that of the prototype. As
the voltage ripple contributes to a major part of the inductor
voltage, the inductance demand is more sensitive to kgyicac in
the proposed method. Larger kgyicac calls for larger L. As a
comparison, for the original method, as the entire SM capaci-
tor voltage will be added to the coupling inductor when being
switched in, the impacts of ksyicac on its inductance demand
is not as significant. Hence, as calculated on the right side of
Fig. 8(a), the proposed method could offer larger inductance re-
duction when the voltage ripple is small. As shown in Fig. 8(b),
for both methods, larger L is needed if higher current tracking
accuracy (or smaller kay,, ) is required in order to reduce the
current step in each sampling period. Another way to reduce
the current step is by increasing the sampling frequency f, as
in Fig. 8(c). For both methods, when f; is increased, smaller
L is required to test SMs with the same conditions (kgnicac
and kag,, A). Note the maximum switching frequency of the
full-bridge is always limited at 6 kHz.

Fig. 9 compares the dc supply voltage demand between the
two methods. The vertical axis is the ratio between the required
Vi and the rated voltage of the SM to be tested. The horizontal
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Fig. 10.  Testing capability comparison between the two testing methods with

different (a) SM capacitor voltage ripple kg cac and (b) current tracking error
EA L ax-

axis stands for different testing configurations, including
ksmcacs kar,,. > and fs. The figures on the left [Fig. 9(a), (c),
and (e)] show the supply voltage demand of the original method
and the figures on the right [Fig. 9(b), (d), and (f)] show the
supply voltage demand for the proposed method with identical
configurations. In all figures, the curves with “x” symbols repre-
sent the required V. derived when L equals the minimum value
given by (16) or (19). The curves with “0” symbols represent
the case when L equals twice the minimum value. In addition,
the dashed curves are for the minimum V.. and the solid curves
are for the maximum V., as in (15) or (18).

As shown in Fig. 9, in all considered cases, the required
supply voltage of the proposed method is always lower than the
SM rated voltage Vsyicde, while the required V. of the original
method is always higher than Vgyoge. More specifically, as
shown in Fig. 9(a) and (b), the required Vg. of the proposed
method is more sensitive to the voltage ripple, ksnicac, as larger
voltage ripple calls for higher full-bridge output voltage for
the hysteresis control. In addition, as in Fig. 9(c) and (d), higher
current tracking accuracy calls for slightly higher supply voltage
for both testing methods as larger coupling inductance is used to
achieve the goal. As shown in Fig. 9(e) and (f), faster sampling
would help to reduce the demand of V. for both methods.
Again, the maximum switching frequency of the full-bridge is
always limited to 6 kHz.

E. Testing Capability Comparison

Figs. 8 and 9 compare the component demands between the
two testing methods when the same SM is to be tested, showing
that the proposed method requires much less coupling induc-
tance and dc supply voltage for the same test conditions. Fig. 10
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TABLE IV
COMPLETE MMC SYSTEM MODEL PARAMETERS FOR SIMULATION

Item Value

dc-link voltage
Grid voltage

40 kV (pole-to-pole)
23 kV line-to-line (rms), 50 Hz

Rated modulation index m = 0.9
Rated output line current 500-A rms
Rated capacity 19.1 MW (PF = 1)
Transformer inductance 0.1 p.u.
Number of SMs 20 per arm
Arm inductance 0.2 p.u.
IGBT/diode module Infineon FZ1000R33HE3
Vsmcde 2000 V
Prototype SM C 2.7 mF
Auxiliary SM C 2.7 mF
ksMcCac 0.15

A 3535 A

further compares the testing capability of the two methods
when the same test equipment is used, i.e., the same dc sup-
ply and coupling inductor. The current carrying capability, the
sampling frequency, and the maximum switching frequency
are also assumed the same. As shown in the figure, the ver-
tical axis Vsymcde2 /Vsnmcder 18 the ratio between the maximum
SM rated voltage that can be tested using the proposed method
and the original. Vsycger is derived when kgyicae = 0.2 and
kar,.. = 0.15. There are two ways to calculate Vsyicde2. One
is by assuming the same coupling inductance as in the original.
The results are shown by curves with “x” symbols. The other is
by assuming the same supply voltage (lower voltage boundary)
as in the original. The results are shown by the curves with “o0”
symbols. The lower value derived by the two methods is the ac-
tual maximum Vgsyrcqc2. Both Fig. 10(a) and (b) shows that the
proposed method has a much higher voltage testing capability.
Besides the higher voltage capability, as shown in Fig. 10(b),
the proposed method is able to offer higher current tracking ac-
curacy with the same test platform. In both cases, the coupling
inductor is the major factor that limits the testing capability im-
provement of the proposed method. By slightly increasing the
coupling inductance, the testing capability of the same platform
can be further improved.

IV. DESIGN EXAMPLE AND SIMULATION VERIFICATION
A. Design Example

This section shows a design example of a test platform using
the proposed method to test SMs for a hypothetic grid-connected
MMC. As a comparison, the testing capability of the example
platform is evaluated when using the original method.

A hypothetic 21-level 19.1-MW grid-connected MMC with
half-bridge SMs is modeled in MATLAB/Simulink. System pa-
rameters are summarized in Table IV. The converter is connected
to a +20-kV dc-link and a 23-kV (line-to-line rms) 50-Hz ac-
grid bus-bar through a three-phase transformer. The arm induc-
tor is 0.2 p.u. All p.u. values are based on ac-side voltage and
current. There are 20 SMs in each arm with 2000-V SM rated
dc voltage, Vgncde. The SM capacitance is designed to be 2.7
mF [4] to give a 15% peak-to-peak (of Vgarcqc) voltage ripple at
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the rated power. The modulation and voltage balanceing control
adopt the one proposed in [1]. No third-order harmonic voltage
injection is used. The harmonic circulating current is assumed
eliminated. The arm current can be estimated by [16]

V21, V21,
4 2

Z.arm (t) -

mcosy + sin(wt — ) (20)

where I, is the rms value of the rated line current, m is the
modulation index, and the ¢ is the ac-side power factor angle. In
this design example, I, = 500A, m = 0.9, and ¢ = p. Hence,
the design parameter A, which is the peak amplitude of the
fundamental component in the arm current, can be derived to
be 353.5 A.

Equations (15) and (16) are used to find the required sup-
ply voltage and coupling inductance for the test platform to
run the SM testing with the proposed method. Sampling fre-
quency fs of the test platform is assumed to be 20 kHz and the
maximum switching frequency fsy _max Of the power module
in the full-bridge converter is set at 6 kHz. The current error
constant ka7, .. is set at 0.1 and the permitted current tracking
error AT, can be derived to be +35.4 A according to (8).
The peak arm current would be 513 A according to (20). The
permitted current tracking error is less than 7% of that.

The auxiliary SM is assumed to be the same as the prototype
(with the same capacitance) that k,,xcac equals kgyicac- The
minimum required coupling inductance can be derived by (16)
to be 2.2 mH. With this minimum inductance, both the maxi-
mum and minimum supply voltage equals 545 V according to
(15). When the auxiliary SM switch-delay control is active, the
maximum inductor voltage in such a case equals the difference
between one peak SM voltage and V., which is 1605 V (=
2150-545 V). dlerror_delay can be derived using (9) to be 42 A.
Then, the current threshold /iy,,.s— equals —6.6A using (7a) and
Linres+ equals +6.6 A using (7b). As both current thresholds are
within the permitted band +35.4 A, even when the switch-delay
control is applied, the current tracking accuracy is guaranteed.
In normal cases when the switch-delay is not active, d/qyror _max
can be derived to be 23.5 A using (9) and the hysteresis band
is set to £11.8 A using (10). All design parameters for the test
platform using the proposed method are concluded in the second
column in Table V.

For comparison, the testing capability of the test platform
using the original method is derived as follows. First, as the
current testing capability is limited by the current carrying ca-
pability of the power module in the full-bridge and the coupling
inductor, the output current of the hypothetic system is assumed
unchanged. Other design variables, fs, fsw_max> KSMCac, and
kar,,. are kept the same as well. One way to derive the max-
imum SM rated voltage Vgnicqer that can be tested using the
original method is to ensure that the supply voltage V. = 545V
is not exceeded. According to (18), the following expression
must be satisfied:

QkAImux A.f.sl Ly

2+ bffJJ

Equation (21) gives the maximum coupling inductance (L; =
1.51mH) for the original method, which is less than the required

— leA < Vdcg = b45. (21)
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TABLE V
TEST BENCH MODEL PARAMETERS FOR SIMULATION

Item Value

Proposed method ~ Original method
Vsncde (Vauxcdae) 2000 V(2000 V) 350V (—)
ksymcac (FauxCac) 0.15 (0.15) 0.15 ()
A 3535A 3535 A
KA I ax 0.1 0.1
fs 20 kHz 20 kHz
fsw max 6 kHz 6 kHz
Vie 545V 545V
L 2.2 mH 1.51 mH
Vimax 790 V 545V
Vimin 245V 169 V
Alpax +354 A +354 A
Hyana +11.8 A +11.8 A
dlerror max 235A 235A
dlerror_delay 42 A -

inductance for the proposed method. In practice, the different
inductance settings can be achieved by certain configurations,
such as tap-changing mechanisms. Substituting L; = 1.51mH
into (18) gives Vgnicder to be 350 V, which is only 17.5% of the
voltage that can be tested with the proposed method. The rest
design parameters of the platform using the original method are
derived and listed in the third column in Table V. The hypothetic
MMC model is scaled down to =7 kV dc, 3.34 MW with the
rated line current kept at 500 A in order to derive the reference
signals for the 350-V rated SM. In steady state, when the two
converters operate at their rated power, signals with a duration
of one second for both the arm current and switching sequence
of one SM in each system are recorded and used to run the two
test benches, respectively.

B. Simulation Results

Fig. 11 shows the simulation results of the test platform testing
a2000-V rated SM using the proposed method. Fig. 11(a) shows
the system startup with both the prototype SM (red solid line
in the middle) and auxiliary SM (green-dashed line) capacitor
voltages ramping up according to a reference from 0 to 2000 V
using the voltage controllers proposed in Section II-C. During
the charging process, positive injection current will be added
to the “arm current” reference to increase the prototype SM
capacitor voltage. As this current would have opposite effects
on the auxiliary SM capacitor, the ramping speed of v,,xc 1S
slower than vgy¢. Hence, during system startup, longer switch-
delay period is set for the auxiliary SM capacitor voltage control,
which equals 100 us. After the time averages of both wvgyic
and v,.xc reach the set reference (2000 V), the test platform
switches to the steady-state control according to Table I to III.
In steady state, detailed SM capacitor voltages can be found
in Fig. 11(b). The figure shows that the prototype SM capacitor
voltage achieved in the test platform (solid red) agrees well with
its reference from the complete model simulation (solid blue).
The dashed green line is the auxiliary SM capacitor voltage that
has an identical shape as the prototype but opposite polarity. Its
average voltage is well controlled at the 2000-V reference using
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Fig. 11.  Simulation results of the test platform using the proposed method:

(a) SM capacitor voltages, (b) SM capacitor voltages in steady state, and (c)
arm current in steady state.

the switch-delay control. Fig. 11(c) shows that the actual “arm
current” generated by the hysteresis switching (red in the back)
tightly tracks its reference (blue in the front). Total harmonic
distortion (THD) of the reference is 2.24% while that of the
actual “arm current” is 5.21%. The additional harmonics are
introduced by the hysteresis switching.

Fig. 12(a) shows the injected current to control the prototype
SM capacitor voltage. During the system startup, large current
is added to the “arm current” reference to increase vgyc. When
the system reaches steady state, the injected current drops down
to less than 0.2 A to compensate the small voltage difference
caused by current errors. Fig. 12(b) shows the current tracking
error during both system startup and steady state. During the
system startup, the switch-delay period is set to 100 us and
the delay control is applied whenever v,,xcdc 18 outside the
permitted range for fast response, leading to very large current
tracking error. When the system turns to the steady-state control
at 2.3 s, the current error immediately drops into the permitted
range [—35.4, +35.4 A]. Fig. 12(c) shows a zoomed view of the
current error. Even when the switch delay is applied, the current
error is always within the permitted region.

As shown in Table V, with the same test platform, the orig-
inal method is only able to test SMs with rated voltage up to
350 V. Fig. 13 compares the current tracking error between sim-
ulations using the proposed and the original methods. The SM
rated voltage in the simulation of the original method is set to
350 V. Both the “arm current” and current tracking accuracy are
set the same as in the simulation of the proposed method. As
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Fig. 12.  Simulation results of the test platform using the proposed method:

(a) injected current, (b) current error, and (c) current error in steady state.
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Fig. 13. Current error comparison between the proposed and the original

testing method.

shown by the figure, the current errors in Fig. 13(a) are smaller
than those in Fig. 13(b). Similar results can be found in the
harmonic analysis of the current. THD of 7,,,, generated by
the proposed method is 5.21% while the THD of its reference
Tarm _ref 18 2.24%. As a comparison, THD of i,,,, generated by
the original method is 5.45%, while the THD of its reference
Tarm _ref 1S Only 1.85%. In other words, even with the same cur-
rent tracking accuracy setting, the proposed method gives better
current tracking performance.

The reason can be explained by Fig. 14. The vertical axis
is the actual inductor voltage divided by the maximum induc-
tor voltage Vi ax1 Of Vimaxe for normalization. As shown in

o control
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Fig. 14.  Inductor voltage comparison between the proposed and the original
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testing method.

TABLE VI
DESIGN PARAMETERS FOR EXPERIMENT

Item Value

Proposed Original [10]
Venmcde (Vauxcde) 400 V (400 V) 200V (—)
kS\lCac(kanxCan) 0.15 (0.075) 0.25 (7)
A 9.8 A 8A
KA I ax 0.15 0.14
fs 20 kHz 20 kHz
Ssw anax 6 kHz 6 kHz
Vae 100 V 240V
L 10 mH 20 mH
Vimax 155V 240V
Vimin 55V 15V
Al ax +1.4A +1.1A
Hyana +047 A +0.37 A
dlerror max 093 A 0.73 A
dlerror_delay 1.81 A _

Fig. 14(a), when the proposed method is used, the maximum
inductor voltage is only met when both SMs are switched into
the circuit and their voltage ripples are at the maximum. During
the rest of the time, vyo(t) is always less than V.49, leading
to smaller current step, and, hence, smaller current error. Al-
though the switch-delay control will lead to very large inductor
voltage and large current step, the control only applies in lim-
ited situations as in Table II in steady state, leading to negligible
impacts. As a comparison, as shown in Fig. 14(b), when the
original method is used, the maximum inductor voltage is met
each time when the SM is bypassed. Hence, for around half of
the time (SM bypass period, depending on the converter system
control), vy 1(t) equals V,ax1 and the current step would be
equal to the maximum, leading to larger current errors.

V. EXPERIMENT VERIFICATION

Computer simulations have been used to compare the differ-
ence between the two testing methods, showing that the pro-
posed method is able to provide much higher voltage testing
capability and better current tracking accuracy than the original
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Fig. 16. Experiment results recorded by the oscilloscope. Horizontal axis:
10 ms/div. Chl—“arm current”: 5 A/div, —0.5 div offset (yellow). Ch2—
auxiliary SM capacitor voltage: 50 V/div, —5.5 div offset (red). Ch3—prototype
SM capacitor voltage: 50 V/div, —5.5 div offset (blue). Ch4—prototype SM
switching sequence (green).

method using the same test platform. This section focuses on
the experimental verification of the proposed method. The hypo-
thetic MMC system in the simulation is scaled down to +4 kV
dc 106 kVA for experiment. The rated ac line current reduces to
14-A rms and the SM rated voltage Vs drops down to400 V.
With 373-uF SM capacitance, the voltage ripple is around 15%
peak-to-peak of Vgnicde. In order to run the experiment, com-
puter simulations of the scaled-down system helped to record
the reference “arm current” and the switching sequence of the
SM to be tested. All design parameters for the test platform are
concluded in the second column in Table VI. Note that the actual
inductance is chosen to be twice of the minimum value given
by (16) (Lyin = 5 mH) in order to limit the large current error
introduced by the auxiliary SM switch-delay control. As shown
in Table VI, parameters of the prototype system are compared
with the experimental test bench given in [10] using the original
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Fig. 17. Comparison between the experiment results and the complete model

simulation: (a) SM capacitor voltages; (b) “arm current”; (c) injected current;
(d) current error; and (e) zoomed view of the current error.

method. It also shows that the proposed method is able to test
SMs with double the rated voltage using less than half the sup-
ply voltage, while the rest conditions such as current tracking
accuracy are kept similar.

Fig. 15 shows the prototype platform assembled and installed
in a protection enclosure for the validation of the proposed
testing scheme. Fig. 16 shows an oscilloscope snapshot of the
experimental results. From top to bottom are the waveforms for
the SM capacitor voltages (larger ripple—prototype and smaller
ripple—auxiliary), the actual “arm current” and the prototype
SM switching sequence. Time average voltages of the two SM
capacitors are controlled to be around the reference 400 V owing
to the two independent voltage controllers described in Section
[I-C. With the same switching frequency and due to the reversed
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Fig. 18.  Top: FFT of the current error; bottom: zoomed view.

series-connection configuration, the two capacitor voltage rip-
ples have a similar shape but opposite polarities. The voltage
ripple of the auxiliary SM is smaller than that of the prototype
due to the larger capacitance used. The “arm current” with a
dc offset is faithfully achieved using the hysteresis switching,
which is not affected by the switching of the two SMs.

In order to show the performance of the test platform, Fig. 17
compares the experimental results to the complete model sim-
ulation. Fig. 17(b) shows that the current flowing into the pro-
totype SM tightly tracks the given reference from the computer
simulation. The two zoomed views give the details of the actual
“arm current” achieved by the hysteresis switching. Owing to
the excellent current tracking performance as well as accurate
switching of the prototype SM, its capacitor voltage in the ex-
periment also tightly tracks the reference given by the complete
model simulation as in Fig. 17(a). As both the voltage and cur-
rent of the prototype SM perfectly agree with the simulation
results of a complete system, the other output characteristics of
the SM, including electrothermal, electromechanical, and elec-
tromagnetic characteristics would be representative of the SM
installed in a complete MMC. Fig. 17(c) shows the actual in-
jected current by the prototype SM capacitor voltage regulator.
As in the steady state, K; (= 0.01 A/Vcs) is set large with very
small K, (= 0.002 A/V) to filter out high-frequency noises, the
injected current is nearly dc with a magnitude around — 130 mA,
which is less than 1% of the peak “arm current.” Current tracking
errors are shown in Fig. 17(d) and (e). In all cases, the current
errors are controlled to be within the allowable +1.4 A region.
As shown in the zoomed view in Fig. 17(e), when the switch
delay is not active, the current error steps are always less than
the designed 0.93 A. When the switch-delay is being used, the
current error step is measured to be 1.7 A. Owing to the control
method described in Table II, the current error in such a case is
still kept in the allowable region.

Fig. 18 gives the fast Fourier transform (FFT) analysis of
the current error. The high-order harmonics mainly distribute
around 3.7 kHz due to the hysteresis switching. As shown in the
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zoomed view, the error at dc can be explained by the injected
current that is around —130 mA in the experiment. The error
at the fundamental frequency 50 Hz is around 80 mA. The
current error at 100 Hz is for the harmonic circulating current
component in the “arm current.” The amplitudes of the above
errors are small when compared with the peak “arm current.” If
those errors are not acceptable in certain applications, methods,
such as narrower permitted current error band, faster sampling
frequency, and/or variable hysteresis band could be adopted.

VI. CONCLUSION

A compensated model-assisted SM testing scheme for the
MMC is proposed in this paper. This testing scheme uses an
auxiliary SM to compensate the dc component in the prototype
SM output voltage aiming at increasing the testing capability of
the original testing method. As a result, the required coupling
inductance and dc supply voltage can be largely reduced when
compared with the original method to test the same SM. In addi-
tion, with the same test platform, the proposed method is able to
offer more than five times of voltage testing capability with even
better current tracking accuracy. The proposed testing method
can be easily applied to the test platform designed for the origi-
nal method with only one additional SM, which can be the same
as the prototype. A new switch-delay controller is proposed to
independently control the auxiliary SM capacitor voltage. The
energizing and discharging of both prototype and auxiliary SM
capacitors can be achieved without additional auxiliary circuits.
Both simulations and experiments have shown the validity and
performance of the proposed testing method.
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