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DC-Side Start-Up of Modular Multilevel Converters

Zhongxu Wang, Student Member, IEEE, Yi Zhang, Student Member, IEEE, Huai Wang, Senior Member, IEEE,
and Frede Blaabjerg, Fellow, IEEE

Abstract—This paper proposes a new sub-module capacitor
condition monitoring method for modular multilevel converters
(MMCs) based on the DC-side start-up procedure. During this
process, the MMC can be simplified into an RC charging circuit,
and the sub-module capacitance can be estimated by investigating
its relationship with the phase current and sub-module voltage.
Several practical issues related to the implementation, advan-
tages, and limitations of the proposed method are presented as
well. In order to validate the method, a series of experiments
with different sub-module capacitances are conducted based on
a three-phase MMC platform. Experimental results confirm the
effectiveness and feasibility of the proposed method.

Index Terms—Modular multilevel converters (MMCs), capac-
itor, condition monitoring.

I. INTRODUCTION

Modular multilevel converter (MMC) is one of the most
promising topology candidates for high-voltage and high-
power applications, where no series-connected power semi-
conductor devices are needed [1]. Apart from the power semi-
conductors, sub-module (SM) capacitors carry the arm current
when the SM is inserted into the main circuit. Therefore,
they play an essential role in the operation of the MMCs and
have to be extremely reliable. In all types of capacitors, due
to features like self-healing, excellent ripple current perfor-
mance, and low equivalent series resistance [2]-[4], metalized
polypropylene film (MPPF) capacitors are typically used in
MMC applications. Although MPPF capacitors can provide
better reliability performance, they are not failure-free. A 5%
capacitance reduction is a common criterion for determining
the end-of-life of the MPPF capacitor [5]. Thus, in order
to enhance the availability of the whole MMC system and
to schedule preventive maintenance, SM capacitor condition
monitoring (CM) is necessary.

Plenty of CM methods have been proposed for DC-link
capacitors in conventional two-level converters [5]. However,
any hardware related approaches will add additional costs and
introduce reliability issues to an MMC system when hundreds
of SMs are involved. Thus, many CM methods designed for
MMC are proposed based on advanced algorithms, such as
Kalman filter [6], band-pass filter [7], and recursive least
square algorithm [8]. All of them do not need additional
hardware. However, they all make use of the SM voltage
ripple, which is normally below 10% of the SM rated volt-
age. Regarding 5% value drop at the end-of-life of MPPF
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capacitors, the voltage change used for condition monitoring
accounts for merely 0.5% of the voltage sensor range. Only
if the accuracy of voltage sensor is better than 0.5% (e.g.,
0.3% or 0.1%), otherwise the above methods might fail to
work with over 100% detection error. By contrast, by taking
advantage of a particular characteristic of the MMC hardware
topology, CM methods with special hardware implementation
are proposed. Ref. [9] monitors the SM capacitance through an
RC discharging circuit formed by an internal bleeding resistor.
No extra measurement hardware or heavy computational load
is needed in addition to a redundant SM in each arm. More-
over, larger SM voltage range is utilized with better monitoring
accuracy. In [10], by introducing a reference SM, all other
SM capacitances are able to be monitored by comparing its
voltage ripple with the reference SM. The implementation of
this method is easy and straightforward. However, the accuracy
heavily depends on the voltage sensor accuracy and the power
loading condition of the MMC.

In this paper, a novel condition monitoring method for SM
capacitors is proposed based on an RC charging circuit during
the DC-side start-up of the MMC. All SM capacitors can
be monitored simultaneously with the information about the
arm current and SM capacitor voltages, which are already
available for common control purpose. The rest of this pa-
per is structured as follows: Section II introduces the basic
concept of the proposed CM method; Section III discusses
the implementation of the proposed CM method followed by
its advantages and limitations. The experimental validations
are given in Section V. Section VI concludes the paper.

II. THE PROPOSED CONDITION MONITORING METHOD

Before the MMC gets into operation, all SM capacitors need
to be charged to its rated voltage to avoid large inrush current.
One straightforward way is to charge the capacitors from the
DC-side of the MMC with a start-up resistor [11] as shown
in Fig. 1(a). The RC network formed in this process offers an
opportunity to do condition monitoring of the SM capacitors.

At the very beginning of the start-up, switches S7 turns
on and S, turns off. An uncontrolled charging process occurs
through the upper diode in the SM and the start-up resistor.
The three-phase MMC thus can be simplified as Fig. 1(b).
When focusing on the phase current and SM capacitor voltages
in a specific phase, the three-phase MMC is equivalent to
a single-phase circuit in Fig. 1(c) by tripling the start-up
resistance. Since all diodes can be modeled by a constant
voltage source V3 and an on-state resistor Ry [12], the circuit
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Fig. 1. Circuit simplification of the MMC during its start-up. (a) Three-phase MMC, (b) Equivalent three-phase MMC during DC-side start-up, (c) Equivalent
single-phase MMC during DC-side start-up, (d) Equivalent single-phase MMC with linearized diode model, (e) Equivalent MMC circuit regarding the same
phase current, and (f) Equivalent MMC circuit regarding the same phase capacitor voltage.

is then simplified into Fig. 1(d) and further into Fig. 1(e) with
the parameters

Rs_d =3R4+ 2NRy, Vdc_d = Viec — 2NVy
2N 2N
1 1 (1)

where R g and Ry are the equivalent start-up resistance
with/without considering the resistance of diodes; Vg 4 and
Vac are the equivalent DC bus voltage with/without consid-
ering the voltage drop from diodes; R,y and Cyy are the
equivalent phase resistance and capacitance; R; and C; are
the resistance and capacitance of the i-th SM; N is the SM
number per arm.

When seeing from the terminals of the equivalent phase
capacitor Cpy, in Fig. 1(e), its voltage vpn can be derived as

—t
Uph = Vdc_cqu (1 - eXp(T)>
equ
Rph

Rph + Rs_d

2
Rph Rs_d ( )

VdC_da Requ = m
P S_

Vdc_equ =
where Vic equ and Requ are the equivalent DC voltage and
resistance of the start-up circuit seeing from the terminals of
Cohi Tequ = RequChn is the equivalent time constant.

Therefore, the phase current ¢, can be calculated by

Ron —t
1 P —_—
< * Rs_d exp(Tequ )>

3)

Vace_d
Rph + Rs_d

. Vdc_d — Uph
th = =

Rs_d

The phase current passes through all SMs connected in
series in this phase, and the following current relationship
holds for a specific SM as

dvg,
C; ve;

ve;
+

R @)

where vc, is the voltage across the i-th SM capacitor. By
substituting (3) into (4), the SM voltage can be calculated as

—t
AlRi 176Xp(?) +

YC T AgTequRi Z —t
2Tequdl; o -t
Tequ — T3 (exp(Tequ) eXP( Ti )) (5)
Vde_d Ry
A= el g, — > Vae
! Rph + Rs_d ? (Rph + Rs_d) Rs_d de-d

where 7, = R;C; is the time constant of ¢-th SM. In practical
MMC applications, 7; is far larger (e.g., several thousand
times) than 7.q,. It means that the transient voltage response
of the SM capacitor is dominated by the smaller time constant
Tequ instead of 7;. Therefore, in a short time period (e.g.,
several Tequ), (5) can be rewritten as

K
vCi = Kl + 2
Tequ — T3
—t

Ky =A1R; <1 — exp( )) (6)

Trated

—t —t
Ky = AstequRi (exp() — exp( )>

Tequ Trated

where Tiated = RratedCrated 18 the time constant determined
by the rated value of bleeding resistor and SM capacitor.

Thus, the SM capacitance can be calculated as

Ky

Ri (Uci - K 1) Rl

In order to clearly show how the SM capacitance is iden-
tified, the CM process is summarized as follows: 1) MMC
is disconnected from the DC bus and AC grid. Meanwhile,
all six arm inductors are bypassed by three switches to
ensure no inductors interfere the start-up process; 2) Once
all SM capacitors are discharged to zero voltage, S; turns
on and the start-up begins; 3) MMC controller detects the
maximum phase current I, max and sets a timer to get the
equivalent time constant 7.q, When the phase current drops to

Tequ

C; = )

t = NTequ
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Fig. 2. Data sampling during the start-up process of the MMC.

0.3681p1_max; 4) Measure all SM capacitor voltages when the
timer counts to n7.q, and calculate SM capacitance by (7).

III. PRACTICAL IMPLEMENTATION CONSIDERATIONS

In order to implement the proposed method, several practi-
cal issues need to be considered.

1) Impact of Diode Tolerance and Degradation: The con-
stant voltage source Vg of the diode can be obtained from its
data-sheet by curve-fitting, and all diodes share the same value.
Since Vj is pretty small compared with the DC bus voltage, the
impact of V3 change caused by the manufacturing tolerance
and aging is negligible.

2) Rs g Measurement: R q can be updated at the begin-
ning of each testing and thus no need to know the start-up
resistance and the on-state resistance of the diodes. At the
very beginning of the start-up process, all SM capacitors are
in a short-circuit state. Rs_g can be calculated by the maximum
phase current and DC bus voltage as

Ve d

Rog= @®)

I ph_max -

3) SM Voltage Measurement: In case SM control board is
powered by the SM capacitor [13], SM voltage v¢, is only
available after a period of time of start-up as shown in Fig. 2.
In stage I, the SM controller is powered off and cannot send
any data to the MMC central controller. In stage II, when
the SM capacitor voltage exceeds a threshold, the SM control
board is powered on and is able to measure the SM voltage
for the capacitance estimation. Note that the phase current can
be measured throughout the start-up process.

4) Impact of Bleeding Resistor Tolerance: The rated bleed-
ing resistance is utilized in (6) instead of its real value.
Thus, certain error might be introduced into the capacitance
monitoring due to the bleeding resistor tolerance. Its impact is
thus evaluated based on a 300 kV-300 MVA three-phase MMC
system with 150 SMs per arm. Meanwhile, the following
conditions are considered: 1) power dissipation of bleeding
resistors accounts for 0.5% of the total power loss of the MMC
system; 2) peak phase current during start-up is 10% of the
maximum arm current of MMC; 3) SM capacitance is selected
to ensure that the total energy storage in SM capacitors is
about 30 kJ/MVA [14]. The following parameters can thus be
obtained as: R, atea= 2.4 kQ, Rs= 1.0 k€, and Ciateqa= 5.0
mF. By introducing +5% variation to Ryateq, its impact on
the capacitance estimation can be evaluated and is shown in
Fig. 3. It can be seen that the error is within 0.08%, which is
extremely small and can be completely neglected.

5 0 5
Bleeding resistor tolerance errated [%0]

Fig. 3. The impact of bleeding resistor tolerance on capacitance estimation.

5) Impact of Time Delay: The time delay caused by signal
sampling should be compensated if necessary. For example,
the equivalent time constant 7¢q, in practical MMCs is typ-
ically around several tens of milliseconds [14]. In this case
study, Tequ is equal to 0.05 s regarding the same selection
requirements to the start-up resistor and SM capacitor men-
tioned above. Since it is calculated by detecting the phase
current, considering a typical 20 kHz current sampling rate,
a maximum 0.1% error will be introduced to 7eq, due to the
current sampling delay of 0.05 ms.

IV. ADVANTAGES AND LIMITATIONS

Based on the above introduction to the proposed CM
method, its main pros and cons are summarized as follows.
The advantages are:

o The capacitance monitoring accuracy can be improved
compared to other existing methods focusing on SM
voltage ripple since half voltage sensor range is utilized.

o No additional measurement circuits, sensors, and auxil-
iary SMs are required. It means no extra reliability issues
are introduced into the MMC system.

o All SM capacitances can be detected at one time and
averaged by a series of results at different n7.q, in order
to mitigate the impact of measurement error.

o No impact is posed on the normal operation of the MMC
since the whole CM process is done during the start-up.

o Complicated controls and calculations are not involved.

The limitations might be:

o Three switches are needed to bypass the arm inductors
to exclude their impact on the phase current.

e The proposed method can only be conducted during the
DC-side start-up of the MMC, which means that the SM
capacitances cannot be monitored on-line and updated
while the MMC is in operation. However, considering the
very slow degradation rate of capacitors (e.g., in the units
of month or year [15]), monitoring the SM capacitance
during the shut-down of MMC system is still acceptable.

V. EXPERIMENTAL VALIDATION AND DISCUSSION

In order to verify the effectiveness of the proposed CM
method, experiments are conducted based on a 15 kVA down-
scaled three-phase MMC with four SMs per arm as shown
in Fig. 4. The DC bus voltage is 900 V. The rated SM
capacitance and bleeding resistance are 1.64 mF (two 820
uF/400 V capacitors in parallel) and 12 k€2, respectively.
Several capacitors with smaller capacitances are connected in
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Fig. 4. Experimental platform (left) of three-phase MMC system including
a sub-module overview (right).

TABLE 1
COMBINATION OF CAPACITORS TO MIMIC THE SM DEGRADATION.

WF] Cam C1 C» Cs3 Ci Cs Csum %

Cratea 1640 10 10 22 22 22 - -

Capl * * #x k1716 0.00%
Cap2 * S B S 1704 0.70%
Cap3 * * o 1694  1.28%
Cap4 * £ x x 1682 1.98%
Cap5 * * * 1672 2.56%
Cap6 * £ % 1660 3.26%
Cap7 * * 1650  3.85%
Cap8 * 1640 4.43%

parallel with the SM capacitor. By removing one or several
of them, the SM capacitor aging is mimicked with 0% to
approximately 4.5% value drop as listed in Table 1. Due to the
existence of manufacturing tolerance, which can be as large
as +£20% for aluminum electrolytic capacitors, the real value
of all capacitors are tested by an LCR meter and are shown
in Table II for reference.

Experimental results with the phase current and SM voltage
are shown in Fig. 5(a). It can be seen that, at the beginning of
the start-up, the phase current rises sharply to the maximum
value being about 4.8 A, then drops gradually to around zero.
Meanwhile, the SM capacitor voltage increases and stabilizes
at around 112.5 V. A series of experiments with different
capacitances are conducted and the results are shown in Fig.
5(b) and (c). It can be seen that the higher the SM capacitance
is, the lower the SM voltage is at the same time point. By
substituting the measured SM voltages into (7), the value of
SM capacitors can be measured.

Fig. 6 illustrates a comparison between the measured,
rated and real SM capacitances. Compared with the rated
capacitances, an constant monitoring error of around 10% can
be observed from Fig. 7. By contrast, the monitoring error
goes below 1% when compared with the real capacitance.
It means that the 10% constant error mainly results from
the capacitor manufacturing tolerance, whose average value is

TABLE II
THE RATED CAPACITANCES AND THE TESTED CAPACITANCES OBTAINED
BY LCR METER AT 20 Hz.

Csm1i Csm2 C1 C2 Cs  Cs  Cs
Clrated [UF] 820 820 10 10 22 22 22
Clreal [UF] 731 732 9.9 98 204 203 205
Tolerance [%] -10.9 -10.7 -1.0 20 -73 -7.7 -6.8
= e roneseo] s
267 = 11202
E 4 [ F\ SM voltage ] 80 %
52t {40 ¢S
= O N S m—

[ eSr=t (a) o o el
Zor — 20
gi 4 + equ 6Tequ 82-equ ..‘. 4 80 gb
2 T SM voltages 1 =
s af e 1% 2
2t ph 1 S
£ 0 0 wn

-0.1 0 0.1 0.2 0.3 0.4

Time [second]
(b) ; ,
Caps 1 _
- 112
" g
. 4 110 :L:“D
s
" N ot 108 %
s : : : 106
0.3 0.32 0.34 0.36 0.38 0.4
Time [second]
(©

Fig. 5. Experimental results of phase current and SM voltage under dif-
ferent capacitor aging level (see Table I). (a) Experimental waveform from
oscilloscope screen-shot; (b) SM voltages and phase current with different
capacitors; (c) Zoom-in figure of SM voltages shown in (b).

— 1.8

'E ——=o Real value

S ——e Rated value

8 _ 1 ® Experi =i
| periment n = 4]

é 16 . — - @ Experimentn = 6

S — — —e Experimentn =8

=3 B S

© 14

‘Capl Cap2 Cap3 Cap4 Cap5 Cap6 Cap? Cap8

Fig. 6. Comparison among the measured, rated and real SM capacitances at
different time points nTequ (n = 4, 6, 8) (see Fig. 5 (b)).

10.7% in this case study. Note that the manufacturing tolerance
remains the same throughout the lifetime of capacitors. Since
the capacitance change is regarded as the indicator of the
capacitor’s health status instead of the capacitance itself, the
absolute value of capacitors are not necessary when it comes to
condition monitoring. Therefore, given the constant error from
manufacturing tolerance, the trends of the capacitance drop are
shown in Fig. 9. It can be seen that the capacitance change
percentage of the rated capacitance and real capacitance can
be well captured by the proposed CM method, and they agree
well with the change of both the rated and real values.
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Fig. 7. Monitoring error compared with the rated capacitances.
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Fig. 8. Monitoring error compared with the real capacitances.
5
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Fig. 9. Comparison of the capacitance change percentage between the

measured, rated and real SM capacitances at different time points n7Tequ
(n =4,6,8).

VI. CONCLUSION

This paper has proposed a sub-module capacitor condition
monitoring method based on the DC side start-up of the
modular multilevel converter (MMC). By taking advantage of
an RC charging network formed by the start-up resistor, the
capacitance of SM capacitors can be estimated based on the
phase current and SM voltage, which are already available
for MMC control. The proposed method can monitor all SM
capacitors at one time without additional sensors and heavy
computational burden. A case study of a 15 kVA down-
scaled MMC platform is presented. Experimental results show
that the small capacitance change of SM capacitor can be
monitored by the proposed method.
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