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Abstract—This paper focuses on analysis and suppression of
circulating harmonic currents in a modular multilevel converter
(MMC) considering the impact of dead time in medium-voltage
applications. A continuous equivalent model of the MMC contain-
ing two ideal transformer models is presented. Using this model,
the impact of a harmonic voltage upon the dc side is analyzed and
the production mechanism of circulating harmonic currents is elu-
cidated. At the same time, the impact of dead time and insulated
gate bipolar transistor (IGBT) voltage drop (DTVD) is studied,
which indicates that capacitor voltages, output harmonics, and cir-
culating harmonic currents are influenced. Based on this analysis,
an open-loop control strategy to suppressing circulating harmonic
currents caused by the output current and DTVD is presented.
Finally, all these conclusions are verified using a simulation plat-
form with 14 modules per arm fed by a 14-kV dc voltage source
and a downscaled experimental platform with four modules per
arm fed by a 560-V dc voltage source.

Index Terms—Circulating harmonic currents, dead time, equiv-
alent model, excitation model, insulated gate bipolar transistor
(IGBT) voltage drop, modular multilevel converter (MMC), open-
loop control.

I. INTRODUCTION

IN medium- and high-voltage applications such as static re-
active power compensation, motor drives, and high-voltage

direct-current transmission, multilevel converters play an irre-
placeable role and are widely used. Among these converters, the
modular multilevel converter (MMC) has gained wide attention
because of its outstanding advantages [1]–[7].

Lesnicar and Marquardt [8] introduced the basic concept and
principle of this converter. The MMC topology, as shown in
Fig. 1, consists of six arms, with N submodules in each arm.
Thanks to its common dc bus, its modular structural design, and
its simple realization of redundancy, this topology has gained
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Fig. 1. Topology of the MMC.

wide attention, especially in the high-voltage direct-current
transmission field. Other studies have addressed applications
of MMCs for high-power motor drives and electric railway sup-
plies [9], [10].

The existence of a circulating current between phases is an
important property of the MMC, and therefore study of the
circulating current and its harmonics is a hot topic, and many
papers on this subject have been published. In [11] and [12],
through solving the nonlinear differential equations for the inner
variables, the harmonic components caused by the output current
in the arm were described in depth, and analytical expressions
for the harmonics were proposed. These analytical expressions
indicate that the circulating harmonics influence each other,
but this phenomenon was not analyzed comprehensively. In
addition, in [11], it was proved that the circulating harmonic
currents resonate at a particular frequency, but the derivation
is very complex and cannot provide a clear physical concept.
A continuous model characterized by the arm inductance, the
arm resistance, and the resulting capacitance of all submodules
when connected in series was proposed in [13] and [14] and
was used in open-loop control for negative-sequence currents in
dc transmission systems. In fact, this model is a low-frequency
model that ignores the carrier frequency and is therefore suitable
for study of external characteristics but not of internal ones. A
frequency-domain MMC model was discussed in [15] and [16],
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in which the MMC was decoupled into an equivalent dc circuit
and an equivalent ac circuit. However, the interaction between
the ac and dc models was not analyzed.

For circulating current control, a phase-shift SPWM strategy
was presented in [9], [17], and [18], in which each submodule
was controlled by a subcontroller coordinated by a common
controller to control the circulating current and the capacitor
voltages. With this strategy, the circulating current can be con-
trolled, but the control structure is very complex, and suppres-
sion of circulating harmonics is not perfect. In [19]–[21], an
open-loop control strategy with prediction of the steady states of
the system variables was implemented successfully to suppress
circulating harmonic currents and to control capacitor energy.
Using this strategy, only a few variables need to be measured,
and the control effect is satisfactory. However, this strategy de-
pends on the equivalent resistance in the arm, which shows
nonlinear characteristics and cannot be valued precisely. Based
on the analysis of the circulating harmonic currents in [11],
to suppress every circulating harmonic current, each type of
harmonic was addressed by an independent controller in [22],
a strategy which ignored the causal relationships between the
circulating harmonic currents and resulted in an excessive num-
ber of controllers. In [23], the dynamic characteristics of the
dc bus were analyzed, and in [24], the overall system stability
was investigated, but the process of exciting a harmonic voltage
(which may come from the input dc voltage source, the internal
control voltage, a change in capacitor voltage, or from other
sources) on the dc side was not mentioned.

Moreover, previous studies of the MMC were mostly based
on ideal power devices, ignoring dead time and insulated gate
bipolar transistor (IGBT) voltage drop (DTVD). In high-voltage
direct-current transmission, the switching frequency is very low
and the output currents are very high, and therefore the impact
of DTVD is not very significant. However, in medium-voltage
applications, the number of submodules per arm is relatively
small. To obtain low harmonic output voltage, the equivalent
switching frequency has to be relatively high, and at the same
time, the output current is probably not high, so the impact of
DTVD becomes significant. Li et al. [25] argued that dead time
would change the modulating rules of the system and improved
the capacitor-voltage sampling strategy to reduce the impact
of dead time, but how DTVD influenced the system was not
analyzed. This paper focuses on the analysis and suppression
of circulating harmonic currents considering the impact of dead
time. The contributions are listed below:

An equivalent model of the MMC is introduced based on
improving the expression of the equations presented in [23].
Using the model described earlier, the change process on any
harmonic voltage on the dc side is described, and a causal rela-
tionship among circulating harmonic currents is proposed. Fol-
lowing this, the impact of DTVD upon the system is analyzed.
Based on the production mechanism of circulating harmonic
currents, the idea of suppressing circulating harmonic currents
by eliminating their producing factors is proposed and used
in the open-loop control strategy to suppress circulating har-
monic currents caused by output current and DTVD. Unlike
that described in [19]–[21], this strategy does not try to control

capacitor energy, and it does not depend on the equivalent resis-
tance in the arm. Finally, all the conclusions are verified using a
simulation platform with 14 kV dc input and 14 submodules per
arm and a downscaled experimental platform fed by a 560 V dc
source with four submodules per arm.

II. EQUIVALENT MODEL OF THE MMC

A. Assumptions and Basic Equations

During the analysis, the following assumptions are used:
1. the system is continuous, because of its multilevel output

and high equivalent frequency, the harmonics in the out-
put are minimal, and ignoring them would not affect the
analysis;

2. the submodule capacitor voltages are balanced, that is, in
the same arm, every submodule capacitor voltage is the
same;

3. the upper and lower arms are symmetrical, including the
modulation signal and the circuit parameters.

According to Kirchhoff’s law, the following equations can be
derived from the MMC circuit:

vuN =
1
2
Vd − vP u − l

diP u

dt
− rdiP u (1)

vuN = −1
2
Vd + vN u + l

diN u

dt
+ rdiN u (2)

where iP u and iN u are currents flowing through the upper and
the lower arms, respectively, and rd is the equivalent resistance
in the arm. In Fig. 1, iu is the load current and iZu is the
circulating current, which exists in the circuit but cannot be
detected directly. These currents satisfy the following equations
[17], [18]:

iP u =
1
2
iu + iZu (3)

iN u = −1
2
iu + iZu (4)

iu = iP u − iN u (5)

iZu =
1
2
(iP u + iN u ). (6)

By substituting (3)–(6) into (1) and (2), the following equa-
tions can be derived:

vuN =
vN u − vP u

2
− 1

2
l
diu
dt

− 1
2
rdiu (7)

2l
diZu

dt
= Vd − (vP u + vN u ) − 2rdiZu . (8)

According to the modulation rules, the voltages on the sub-
module stacks of the upper and lower arms can be expressed
as

vP u =
1 − Su

2
vΣ

P u (9)

vN u =
1 + Su

2
vΣ

N u (10)

where Su = mu sin(ωt + ϕu ) is the modulation function of the
u phase, with ϕu as the phase shift. The phase difference of
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Fig. 2. Equivalent model of a single-phase MMC.

the three-phase modulation function is 120°. vΣ
P u and vΣ

N u are
the sum of the capacitors in the upper and the lower arms,
respectively.

B. Equivalent Model

According to power balance, the power consumed by the
submodule stack is equal to the power sum of each submodule
capacitor in the arm. Then the capacitor power in the submodule
stacks of the upper and lower arms must satisfy the following
equations:

vP u iP u = vΣ
P uCΣ dvΣ

P u

dt
(11)

vN u iN u = vΣ
N uCΣ dvΣ

N u

dt
(12)

where CΣ = C/N . By adding and subtracting (11) and (12) and
considering (3)–(10), the following expression can be derived:

Zpx = Ax + Bu (13)

where p is the differential operator, Z = diag[Ldc Lac Cdc Cac],
x = [iZu iu vdc vac]T, u = [Vdvun ]T

A =

⎡
⎢⎢⎢⎢⎢⎣

−Rdc 0 −1 2Su

0 −Rac
1
2 Su −1

1 − 1
2 Su 0 0

−2Su 1 0 0

⎤
⎥⎥⎥⎥⎥⎦

B =

⎡
⎢⎢⎢⎢⎢⎣

1 0

0 −1

0 0

0 0

⎤
⎥⎥⎥⎥⎥⎦

, Cdc = 2CΣ

Cac = 8CΣ , vdc =
vΣ

P u + vΣ
N u

2
, vac =

vΣ
P u − vΣ

N u

4
,

Rdc = 2rd , Ldc = 2l, Rac =
rd

2
, Lac =

l

2
.

In a mathematical sense, the equations in (13) are the same
as those presented in [23], but in this paper, the variables and
parameters have their own meanings, because these equations
express the model shown in Fig. 2. The differential equations
describe four variables: the circulating current, the load current,
the voltage sum, and the difference between capacitors in the
upper and lower arms. These four variables can provide com-
plete external and internal information about a single phase of
the MMC circuit. Therefore, the model shown in Fig. 2 can be
taken as an equivalent model of a single phase of the MMC. In
Fig. 2, the capacitor voltages Cdc and Cac indicate the sum and
difference, respectively, of the capacitor voltages of the upper
and lower arms. Networks T1 and T2 are two ideal transformer
models, whose “turn ratios” are controlled by the modulation
signal Su . The dc energy in capacitor Cdc is converted to ac
and transferred to the load by network T1 , and network T2 pro-
vides another coupling approach between the ac and dc sides.
Here, the dc loop can be considered to be the load of the in-
verter fed by the voltage of capacitor Cac . If there were an
initial dc voltage in Cac , it would produce a dc current on the
ac side, but at the same time, through network T2 , it would
produce a fundamental voltage on the dc side that would in-
duce a fundamental current in the dc loop. In this way, the
initial dc energy in Cac can be consumed by the equivalent re-
sistances Rdc , Rac and the load resistance, ensuring zero dc
energy in Cac .

III. HARMONIC VOLTAGE EXCITATION MODEL

ON THE DC SIDE

A. Harmonic Voltage Excitation Model

The model in Fig. 2 shows the interaction between the volt-
age of capacitor Cac and the circulating current on the dc side
through network T2 . The energy in Cac can be released through
the dc loop, but at the same time, the current in the dc loop can
reappear in another form in Cac . If there is a harmonic voltage
in the dc loop, current at the same frequency will be generated
through the impedance in the dc loop and can be expressed as
follows:

iZun = IZun sin(nωt + ϕn ) (14)
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Fig. 3. Harmonic voltage excitation model.

where IZun , ϕn are the nth harmonic current amplitude
and phase angle. Through network T2 , this harmonic current
produces an incremental voltage in Cac

Δvacn =
muIZun

(n + 1)ωCac
sin ((n + 1)ωt + ϕu + ϕn )

− muIZun

(n − 1)ωCac
sin ((n − 1)ωt − ϕu + ϕn ) .

(15)

This incremental voltage produces another voltage on the dc
side through network T2 , which is governed by

ΔvT 1n = Z (n, n + 2) IZun sin ((n + 2) ωt + ϕn )

+Z (n, n) IZun sin (nωt + ϕn )

+Z (n, n − 2) IZun sin ((n − 2) ωt + ϕn )

(16)

Z(n, n + 2) = −j
m2

u

(n + 1)ωCac
∠2ϕu (17)

Z(n, n) = j
2nm2

u

(n + 1)(n − 1)ωCac
(18)

Z(n, n − 2) = −j
m2

u

(n − 1)ωCac ∠ − 2ϕu (19)

where Z(n, n + 2), Z(n, n), and Z(n, n – 2) are the harmonic
voltage impedances that the nth circulating harmonic current
produces in the (n + 2)nd, nth, and (n – 2)nd harmonic voltages
on the dc side through the feedback of Cac .

The earlier analysis shows that through network T2 , the nth
circulating harmonic current would produce new (n – 2)nd, nth,
and (n + 2)nd harmonic currents in the circulating current and
new (n – 1)st and (n + 1)st harmonic voltages in Cac . At the
same time, the new harmonic currents would in turn produce
new harmonic currents. This is an endless process illustrated
in Fig. 3, where vZn is the excitation voltage, ΔiZ (n+2,n) and
ΔiZ (n−2,n) are the nth harmonic currents produced by the (n +
2)nd and (n – 2)nd harmonic currents, respectively, and Y(n) is
the nth harmonic admittance, which can be expressed as

Y (n) = Rdc + j(nωRdc − 1/nωCdc). (20)

Three factors have been found to produce the corresponding
harmonic current: the source voltage vZn , the nth harmonic
voltage produced by the (n – 2)nd harmonic current, and the nth
harmonic voltage produced by the (n + 2)nd harmonic current.
However, the source of these factors is the excitation voltage
vZn . This means that without an excitation voltage, there are no
harmonic currents. The harmonic currents are not independent
of each other.

B. Generation of Circulating Harmonic Currents
in Steady State

The load current can be defined as

iu = Iu sin(ωt + ϕIu ) (21)

where iu is the current amplitude, ϕIu is the load-current phase
angle, and ϕ = ϕu − ϕI is the phase difference between the
modulation signal and the load current. If the circulating current
is suppressed completely, according to Fig. 2, it is easy to derive
the expressions for iT 11 and vT 22 using iu . This is equivalent to
the following equation:

vZ 2 = m20Iu sin(2ωt + 2ϕu + ϕ20) (22)

where

tan ϕ20 = − 3sinϕ

(3 − m2
u )cosϕ

m20 =
mu

√
(3 − m2

u )2 cos2 ϕ + 9 sin2 ϕ

16ωCΣ .

When the circulating current is not suppressed, vZ 2 takes
effect in the dc loop and causes interlocking reactions to generate
infinite even harmonics in the circulating current and infinite
odd harmonic voltages in Cac by the relationships shown in
Fig. 3. Ignoring high-order harmonics, each harmonic-current
expression can be derived easily, as can the capacitor harmonic
voltages, which can be used to analyze the influence of various
parameters in the circuit.

IV. EFFECTS OF DEAD TIME AND IGBT VOLTAGE DROP

A. Effect of Dead Time

It is assumed in this section that dead time is applied only
at the rising edge. Take any submodule as an example; when
the upper switch is turned on, the output level is “1,” that is,
VC ; when the lower switch is turned on, the output level is “0.”
Fig. 4 shows the dead-time generation principle. In Fig. 4(a) is
the single module diagram; (b) and (c) are the control signal
waveforms of the upper and lower switches; and (d) and (e) are
the output waveforms of the module, where tD is the dead time.

When i > 0, if the lower switch is turned on, current flows
through TL . When the lower switch is turned off, the current
will immediately move to the upper antiparallel diode DU , and
capacitor C will be connected to the circuit and start to charge.
After the dead time, the upper switch is turned on; however,
current is still flowing through DU , which shows that the dead
time does not affect the system at this time. When the upper
switch is prevented from turning on during the dead time, current
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Fig. 4. Dead-time generation schematic.

flows through the upper antiparallel diode DU until the lower
switch is turned on and the current diverted to the lower switch
TL from DU . Obviously, during dead time, the capacitor is
connected into the circuit, which violates the modulation rule
and is equivalent to adding a voltage VC for a duration tD .

When i < 0, if the lower switch is turned on, current flows
through the lower antiparallel diode DL . If the lower switch is
cut off, it enters dead time and current flows through DL until the
upper switch is turned on, after which current flows through C
and TU and the capacitor is connected into the circuit. Obviously,
during dead time, the module output is not in accordance with
the modulation rules and is equivalent to reducing the voltage
by VC during tD . When the upper switch is prevented from
turning on, the current through the upper switch immediately
drops to zero, and continuously through the lower antiparallel
diode DL , during dead time, the output is zero. After the lower
switch is turned on, the current is still continuous through the
lower antiparallel diode, and the output voltage is zero. At this
point, dead time has no influence on the system.

In conclusion, the effect of dead time is equivalent to a pulse
signal in the arm with width tD and amplitude VC when the
current is greater than zero and –VC when the current is less
than zero. Averaging these pulses produced by dead time during
a carrier period, the following equation can be obtained:

Δvtd = Vtdsign(i) (23)

where

Vtd =
ntD
TC

VC

where n is the number of dead-time effects in an arm during a
carrier period, Tc is the carrier period, Vc is the dc voltage of
the module capacitor, and Vtd is the amplitude of the equivalent
signal caused by the effect of dead time.

B. Effect of IGBT Saturation Voltage Drop

The forward V–A characteristics of IGBT when turning on
can be described as

v = VT on + irT on (24)

where VT on is the IGBT saturation voltage drop and rT on is
the IGBT on-state resistance. The V–A characteristics of the
antiparallel diode are

v = VDon + irDon (25)

where VDon and rDon are, respectively, the voltage drop and
the on-state resistance. Considering that rT on and rDon are
commonly smaller, only VT on and VDon are considered in this
paper.

If the system is continuous, at any time in the upper and
lower arms, the numbers of “on” modules and “off” modules
are (1 +̄ Su )N/2 and (1 ± Su )N/2, respectively. Therefore, the
disturbance voltages caused by the saturation-voltage drops in
the upper and lower arms can be expressed, respectively, as

ΔvTVP = VTVPsign(iP u ) (26)

ΔvTVN = VTVNsign(iN u ) (27)

where

VTVP =
VT on + VDon

2
N +

VT on − VDon

2
NSu sign(iP u )

VTVN =
VT on + VDon

2
N − VT on − VDon

2
NSu sign(iN u ).

C. Combined Effects of Dead Time and IGBT Voltage Drop

The disturbance voltages caused by the dead time and the
saturation voltage drop can be integrated as

ΔvtvP = (Vtd + VTVP)sign(iP u ) (28)

ΔvtvN = (Vtd + VTVN)sign(iN u ) (29)

where Vtd , VTVP , and VTVN are defined in (23), (26), and (27),
respectively.

Therefore, the disturbance voltage is a rectangular wave
whose duty cycle ratio is determined by the polarity of the
arm current. The generation principle of the effects of DTVD
is shown in Fig. 5(a) shows the current waves for the upper
and lower arms. In this case, the harmonic components are ig-
nored, and only the dc and the fundamental components are
retained. The waveforms of ΔvtvP and ΔvtvN (ignoring the
amplitude fluctuation), which are rectangular waves, are shown
in Fig. 5(b) and (c), respectively. Fig. 5(d) shows the difference
between ΔvtvN and ΔvtvP , which indicates the effect of DTVD
upon the output voltage. The waveform of the sum of ΔvtvP and
ΔvtvN is shown in Fig. 5(e), which reflects the DTVD on the
dc side. From Fig. 5, it can be seen that the DTVD will produce
a unipolar double fundamental frequency pulse on the dc side
of the system, which obviously causes even-order harmonics,
especially second order, in the circulating current and affects
the dc capacitor voltage. At the same time, DTVD can produce
a rectangular fundamental wave in the output and will affect
the amplitude and THD of the output voltage. The disturbance
voltages due to DTVD on the ac and dc sides of the system can
be described as

Δvac =
ΔvtvN − ΔvtvP

2
(30)

Δvdc = ΔvtvN + ΔvtvP (31)
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Fig. 5. Effects of DTVD on the ac and dc sides of the system.

D. Impact on Circulating Harmonic Currents by DTVD

The analysis described in Section IV indicates that the effects
of DTVD add a fundamental frequency rectangular wave to the
output voltage that causes some harmonics in the output; at
the same time, they produce a single-polarity double-frequency
pulse on the dc side. Ignoring the harmonics in the arm currents,
the width of Δvdc can be expressed as

τ = 2arc sin
(

1
4
mu cos ϕ

)
. (32)

When an MMC operates in an inverting state, the single-
polarity pulse is positive, which decreases the average capacitor
voltage and produces circulating harmonic currents. Removing
the dc component of Δvdc and keeping an ac pulse on the dc
side, as described in Section III, produces infinite even har-
monic currents on the dc side. Ignoring other-order harmonics
produced by the harmonic excitation voltage, any harmonics in
Δvdc produce the same frequency of harmonic current, which
can be derived as

iZn =
vZn

Z(n) − Z(n, n)
(33)

where Z(n) = 1/Y (n) is the impedance of the dc loop. Ac-
cording to (18), the denominator of the right-hand side in (33)
can be expressed as

Z ′(n) = Rdc + jnωLdc − j
1

nωCn
dc

(34)

where

Cn
dc = Cdc +

(n + 1)(n − 1)
2n2m2

u

Cac .

Obviously, for the nth harmonic voltage in the dc loop, if
other-order harmonics are ignored, the dc loop can be considered
equivalent to a second-order circuit composed of a capacitor, an

Fig. 6. Equivalent circuit for the voltage caused by DTVD on the dc side.

inductor, and a resistor, as shown in Fig. 6. The capacitance
varies with harmonic frequency within a certain range. If the
imaginary part of (34) is zero, resonance oscillation will occur
in the dc loop, as verified in [14].

Therefore, the circulating current produced by the pulse de-
pending on the effects of DTVD can be obtained from Fig. 6. In
a practical MMC system, the capacitance is generally relatively
large. Inductance plays a leading role, forming a sawtooth wave
in the circulating current.

However, if there are circulating harmonic currents, the zero-
crossing point of the arm currents will change, and so will the
pulse width Δvdc . Analysis indicates that when the circulating
harmonic current amplitude is much smaller than that of the
load current, Δvdc is still a single-polarity pulse signal, but its
width becomes larger, which will increase the impact of DTVD.
If the circulating harmonic amplitude is the same as or higher
than that of the load current, a double-polarity rectangular wave
with double fundamental frequency will appear, and the effects
of DTVD will become more apparent.

The amplitude of Δvdc can be shown to be independent of
the output current and voltage and to depend only on DTVD.
Therefore, the value of the circulating harmonic currents caused
by DTVD is limited within a range. When the circulating har-
monic currents caused by the output current are far outside this
range, the currents caused by DTVD can be ignored.

V. CIRCULATING HARMONIC CURRENT SUPPRESSION UNDER

THE INFLUENCE OF DTVD

A. Circulating Current Control Model

To control the circulating current, a control signal is added to
the modulation signals of the upper and lower arms, and (9) and
(10) can be revised as

vP u =
1 − Su + d

2
vΣ

P u (35)

vN u =
1 + Su + d

2
vΣ

N u (36)

where d is the control variable. The control matrix can then be
modified as

Ad =

⎡
⎢⎢⎢⎢⎣

−Rdc 0 −(1 + d) 2Su

0 −Rac
1
2 Su −(1 + d)

(1 + d) − 1
2 Su 0 0

−2Su (1 + d) 0 0

⎤
⎥⎥⎥⎥⎦

. (37)

The equivalent model shown in Fig. 2 can be revised into
the circulating current control model shown in Fig. 7. Circu-
lation control produces a voltage on the dc side to control the
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Fig. 7. Circulating current control equivalent model of the MMC.

circulating current through the ideal transform network T3 with
a “turn ratio” of d. However, at the same time, capacitor Cac
causes a parasitic voltage on the ac side through network T4 .

B. Circulating Harmonic Current Suppression Strategy

The earlier analysis indicates that the circulating harmonic
currents are the incentive products of vZ 2 caused by the output
current and Δvdc caused by DTVD exciting the dc loop of the
MMC. Therefore, suppression of circulating harmonic currents
can be achieved by cancelling vZ 2 and Δvdc . To eliminate the
circulating harmonic currents caused by the output current, it
is necessary only to apply a reverse voltage to vZ 2 on the dc
side, not to design an independent controller for every harmonic
current as proposed in [25].

Let

vdcd = −vZ 2 . (38)

Then

d =
vdcd

vdc
≈ vdcd

Vd
. (39)

This is an open-loop control strategy. Although this strategy
comes from the idea of cancelling the effects of the produced
circulating current, it is still an open-loop strategy and results
in circulating currents without harmonics so that it has a con-
sistent physical nature with the strategy proposed in [19]–[21].
However, the system proposed here does not attempt to con-
trol capacitor energy and does not depend on the equivalent
resistance in the arm.

The frequency of the control variable d is twice the funda-
mental frequency, as is the “turn ratio” frequency. Fig. 7 shows
that the dc component in the circulating current will inject a
new second-harmonic current into capacitor Cdc through net-
work T3 to produce a new second-harmonic voltage and a new
circulating harmonic current. The load current iu will inject
new fundamental and third harmonic currents into Cac through
T4 to produce new fundamental and third-harmonic voltages,
and these new voltages will also produce a new even-harmonic
circulating current through network T2 .

It is apparent that the circulating harmonic current cannot be
completely eliminated. However, thanks to the smaller value of

TABLE I
SIMULATION AND EXPERIMENTAL PARAMETERS

Parameters Quantities for Quantities for
Simulation Experiment

Capacitance per module 4700 μF 2200 μF
Inductance in arm 6 mH 3 mH
DC equivalent resistance 0.5 Ω
Load inductance 0 25 mH
Load resistance 70 Ω 22 Ω
Modules per arm 14 4
Amplitude modulation rate 0.9 0.9
Average submodule switching frequency 0.357 kHz 1.25 kHz
Input dc voltage 14 kV 560 V
Output frequency 50 Hz 50 Hz
Dead time 3 μS 3 μS
IGBT voltage drop 3 V About 3 V

the control variable d, the voltages produced by the injecting
currents to Cdc and Cac by iZu and iu through networks T3 and
T4 , respectively, are relatively smaller and can be ignored.

To eliminate the impact of DTVD, the polarities of the arm
currents will first be detected and ΔvtvP and ΔvtvN calculated,
that is, the voltage effects of DTVD in the arms. Therefore

dtvP = −ΔvtvP

Vd
(40)

dtvN = −ΔvtvN

Vd
(41)

dtvP and dtvN are then added to the modulation signals of the
upper and lower arms, respectively, to produce control voltages
in the arms to counteract the voltage effects of DTVD.

VI. SIMULATED AND EXPERIMENTAL RESULTS

To verify the analysis, a simulation platform with 14 mod-
ules per arm and a downscaled experimental platform with four
modules per arm were constructed; their detailed parameters are
shown in Table I. The simulation platform was used to study the
impact of DTVD on the system, and the experimental platform
enabled research into harmonic voltage excitation on the dc side
and circulating harmonic current suppression.
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Fig. 8. Experimental waveforms of the output and circulating currents after
injecting a third harmonic voltage on the dc side. (a) Waveforms of the output
and circulating currents. (b) Spectral analysis diagram of the circulating current.

Fig. 9. Experimental waveforms of the output and circulating currents before
injecting the third harmonic voltage on the dc side. (a) Waveforms of the output
and circulating currents. (b) Spectral analysis diagram of the circulating current.

A. Experimental Study of Harmonic Voltage Excitation
on the DC Side

To study harmonic variation when injecting a harmonic volt-
age into the dc side, a third harmonic signal equal to 0.05sin3ωt
was added to the modulation signals in both the upper and
lower arms, with which a third harmonic voltage on the dc
side was produced. According to the analysis in Section III,
this signal should produce odd harmonic currents in the cir-
culating current and even harmonic voltages and a dc voltage
in Cac .

Figs. 8 and 9 show the experimental waveforms of the output
current and the circulating current after and before injecting the
third harmonic voltage on the dc side, where Fig. 8(a) shows
the experimental waveforms and Fig. 8(b) shows the harmonic
component analysis. It is apparent that after injecting the third
harmonic voltage, the output current did not change. As for

Fig. 10. Experimental waveforms of vac after injecting the third harmonic
voltage. (a) Waveforms of vac . (b) Spectral analysis diagram of vac .

the circulating current, besides the significantly increased third
harmonic, the fundamental, the fifth, and the seventh harmon-
ics were increased at the same time, which indicates that the
third harmonic voltage produces new circulating odd harmonic
currents.

Figs. 10 and 11 show the waveforms and the harmonic compo-
nent analysis on vac after and before injecting the third voltage.
After injecting the third harmonic voltage, the dc component of
vac changed from about ±0.25 V to about –0.5 V, a decrease of
about 0.75 V. The difference in capacitor voltage between the
upper and lower arms was about 3 V. In addition, the second
and the fourth harmonics in vac were clearly changed.

Note that before injecting this third harmonic, there was still a
dc component of about 0.25 V in vac (although it was very small)
because the system parameters were not absolutely symmetrical,
an issue which will be addressed in future work. However, beside
this dc component, there were a few even harmonics in vac and
fundamental and other odd harmonics in the circulating current
iZu . This suggests that the dc component cannot exist alone
without other even harmonics in vac and other odd harmonics
in iZu because the circulating harmonic currents and harmonic
voltages in vac have a causal relationship and influence each
other.

B. Simulation Study on the Impact of DTVD

To verify the impact of DTVD, a simulation study was con-
ducted using the parameters listed in Table I. The simulation
waveforms are shown in Figs. 12–14, where (a) shows the wave-
forms including DTVD and (b) shows the waveforms with ideal
power devices and a dead time of zero.

Fig. 12 shows the waveforms of the arm currents, and Fig. 13
shows the waveforms of the output and circulating currents.
Comparing (a) and (b) in Figs. 12 and 13, it is apparent that
under the influence of DTVD, the amplitude of the circulating
current is reduced, and the shape of the arm currents is obviously
changed. Fig. 12(c) shows the difference between the waves
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Fig. 11. Experimental waveforms of vac before injecting the third harmonic
voltage. (a) Waveforms of vac . (b) Spectral analysis diagram of vac .

Fig. 12. Simulated waveforms of arm currents with and without DTVD.
(a) Arm currents with DTVD. (b) Arm currents without DTVD. (c) Difference
between arm currents with and without DTVD.

shown in (b) and (a) and referred to as iPdiff and iNdiff , which
indicates the contribution of DTVD to the circulating current.
This waveform is similar to a double-frequency sawtooth wave
with a peak-to-peak value greater than 70 A, which is even larger
than that caused by the output current. In Fig. 12(c), there is a
small dc component in the wave, which indicates that under the
influence of DTVD, the dc component in the circulating current
decreases a little, or the output power decreases.

Fig. 13. Simulated waveforms of output and circulating currents with and
without DTVD. (a) Output and circulating currents with DTVD. (b) Output and
circulating currents without DTVD.

Fig. 14. Simulated vdc waveforms with and without DTVD (solid line: with-
out DTVD, dotted line: with DTVD).

Fast Fourier transform (FFT) analysis of the output currents
shown in Fig. 13(a) and (b) indicates that the amplitude of the
fundamental current is 87.7 A and the total harmonic distor-
tion (THD) is 4.53%. However, the same components shown in
Fig. 13(b) are 89.33 A and 4.49%, respectively. In other words,
under the influence of DTVD, the output current decreases a
little and the THD increases a little.

Fig. 14 shows the waveforms of vdc , where the solid-line
waveform represents the simulation without DTVD and the
dotted-line waveform that with DTVD. Under the influence
of DTVD, the average capacitor voltage decreased by 75 V,
slightly decreasing the output current and the dc component
of the circulating current. However, the peak-to-peak value of
the capacitor voltage fluctuation decreased from 210 to 120 V,
indicating obvious suppression.

C. Experimental Study on Circulating Harmonic
Current Suppression

The downscaled experimental platform was used to verify
further the impact of DTVD and the circulating harmonic cur-
rent suppression strategy. The experimental waveforms for out-
put and circulating currents without circulating harmonic cur-
rents suppression are shown in Fig. 12(b). Fig. 15(a) shows the
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Fig. 15. Experimental waveforms for output and circulating currents with the
proposed circulating harmonic current suppression strategy. (a) Waveforms with
suppression only of circulating harmonic currents caused by the output current.
(b) Waveforms with suppression of circulating harmonic currents caused both
by the output current and by DTVD.

waveforms of the output and circulating currents with the open-
loop suppression strategy proposed in (38), which suppresses
only the circulating harmonic currents produced by the output
current and does nothing to DTVD. Compared to Fig. 12(b), it
is clear that the circulating harmonic currents are still large and
cannot be suppressed.

Fig. 15(b) shows the waveforms with suppression of the cir-
culating harmonic currents caused by both output current and
DTVD, which shows a satisfactory result.

VII. CONCLUSION

In this paper, a method for analyzing and suppressing cir-
culating harmonic currents considering DTVD is presented. It
has been found that if the output current is not very high, the
circulating harmonic currents caused by DTVD cannot be ig-
nored. With DTVD, the THD in the output increases slightly,
and in an inverting state, the capacitor voltage decreases. The
circulating harmonic currents are produced by the voltages on
the dc side. These voltages are produced by the output current
and the DTVD in steady state without circulating current con-
trol. Therefore, circulating harmonic current suppression can
be achieved by eliminating the voltages that producing these
harmonic currents. A nth harmonic voltage on the dc side will
produce n ± 2k(k = 0, 1, 2, . . .) order harmonics in the circu-
lating current and (n + 2k + 1)-order harmonics in the capacitor
voltage difference in the upper and lower arms. If n is an odd
number, the harmonic will produce a dc component in the ca-
pacitor voltage difference. The model, strategy, and conclusions
can be used to analyze and control the circulating current and
the capacitor voltages.
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