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Abstract—This article presents a fault-tolerant independent pole
control scheme for a zigzag modular multilevel converter (MMC)
targeting bipolar medium-voltage direct-current (MVDC) distri-
bution systems. An MMC which adopts a zigzag transformer as an
ac grid interface transformer, namely zigzag MMC, has inherent
bipole operation capability with unbalanced loads of positive and
negative poles on the dc side. Nevertheless, this topology has not
been thoroughly investigated for its ability to maintain independent
control of each pole in the case of a fault in the other. With a
conventional MMC control which relies on normal operation of
both poles, a fault in a single pole is likely to impact the overall
operation of the converter. To tackle this problem, the proposed
control scheme separates the arm current controllers and energy
balancing controllers within upper and lower arms individually.
Additional power reference coupling is introduced to indirectly
inject circulating currents when both poles are healthy like the
conventional MMC. When a single pole fault occurs, a seamless
energy-balancing mode transition can be achieved by modifying
inputs to current reference calculators. An ac-side single line-to-
ground (SLG) fault ride through strategy can also be integrated
without compromising the independence of both poles. A point-
to-point zigzag-MMC based bipolar MVDC distribution system is
tested by controller hardware-in-the-loop est setup. The test results
under single pole-to-ground fault and ac SLG fault validate the
effectiveness of the proposed control scheme. Moreover, experi-
mental results using a downscaled MMC prototype and a zigzag
transformer further demonstrate the performance of the proposed
control scheme under abrupt single-pole blocking and ac SLG fault
conditions.
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NOMENCLATURE

x Subscript indicating phase a, b, or c.∑
x Sum over the three phases.

αβ0 Subscript indicating Clarke-transformed quantity. (0
indicates the zero-sequence component.)

dq Subscript indicating a quantity transformed into the
synchronous (dq) reference frame.

u Subscript indicating upper arm quantity.
l Subscript indicating lower arm quantity.
+ Superscript indicating positive-sequence component.
− Superscript indicating negative-sequence component.
∗ Superscript indicating reference value.
Exu Total energy stored in all submodule capacitors in the

corresponding upper arm.
Exl Total energy stored in all submodule capacitors in the

corresponding lower arm.
ixu Upper arm currents.
ixl Lower arm currents.
idc,u Positive-pole current; equivalent to the sum of upper

arm currents.
idc,l Negative-pole current; equivalent to the sum of lower

arm currents.
ixs,u Upper arm current excluding zero-sequence component

flowing toward the ac side of MMC.
ixs,l Lower arm current excluding zero-sequence compo-

nent flowing toward the ac side of MMC.
ixu,dc Non zero-sequence dc component of upper arm currents

whose sum over three phases is zero.
ixl,dc Non zero-sequence dc component of lower arm currents

whose sum over three phases is zero.
vxs Phase voltage of secondary side of a transformer.
ixs Phase current of secondary side of a transformer.
ixp Phase current of primary side of a transformer.
Vdc,u Rated positive-pole voltage.
Vdc,l Rated negative-pole voltage.
θ+ Phase angle used to align v+xs with the q-axis in the

synchronous reference frame.
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I. INTRODUCTION

THE dc distribution is an upcoming and promising solution
due to the fact that it can flexibly integrate various energy

storage systems, renewable energy sources, and dc loads like
electric vehicle charging [1]. In medium-voltage direct current
(MVDC) distribution systems, the system voltage level typically
reaches dozens of kV. As a result, conventional voltage-source
converter (VSC) topologies, such as two-level or three-level
converters, may not be directly applicable for interfacing ex-
isting ac grids and dc networks. Considering these aspects, a
modular multilevel converter (MMC) can be a suitable candidate
taking advantage of its high scalability and superior harmonic
performance [2].

There are several existing options for the system configuration
adopting the MMC topology [3], as depicted in Fig. 1. Although
a symmetrical monopole configuration, as shown in Fig. 1(a),
seems a simple and cost-effective solution, it cannot provide
power redundancy if a fault occurs in a single pole. On the
other hand, a bipole configuration with a dedicated metallic
return (DMR), as shown in Fig. 1(b), ensures higher availability
compared to monopole configurations, by independently con-
trolling two asymmetrical monopoles. Regarding that one of
the key factors of the distribution system is availability, the
bipole configuration is a reasonable way to set up the MVDC
distribution system [4].

In [5], an MMC with a zigzag transformer, namely a zigzag
MMC, was first proposed for cost-effective bipolar MVDC
distribution systems. Even though this circuit-wise configura-
tion resembles the symmetrical monopole configuration since it
consists of a single MMC and a single grid interface transformer,
the bipole operation of both poles can be available by applying
zigzag winding to the secondary side of the transformer. Nev-
ertheless, only unbalanced load condition of both poles on the
dc side was considered in [5], where the normal operation with
healthy condition of both poles of the entire MMC is assumed.
Adopting the same concept proposed in [5], a seamless mode
transition scheme from the bipole operation to the asymmetrical
monopole operation is proposed in [6]. However, only the failure
of all redundant submodules in a certain arm is assumed in [6],
when the MMC is still fully under control and a pre-planned
mode transition can be initiated deliberately. This topology
still lacks a comprehensive investigation of control strategies
to tackle with various contingency fault scenarios, e.g., a pole-
to-ground (PtG) short-circuit fault.

A key requirement for bipole operation is that each pole
remains independently controllable, regardless of fault and trip
in the other pole. However, a well-established control scheme
for a single MMC relies on symmetric components between
both poles [2], which means that a fault in a single pole is
likely to impact the overall operation of the converter. Several
approaches have been investigated to realize the independent
pole control of a single MMC [7], [8], [9]. In [7], capacitor
voltage control and arm current control were established for each
pole of MMC. Since negative-sequence current injection into
the ac side is always necessary for the balancing of submodule
capacitor voltages, the control scheme proposed in [7] is not the

Fig. 1. MMC-based system configurations. (The symbol CB denotes a circuit
breaker.) (a) Symmetrical monopole. (The symbol GD denotes a grounding
device.) (b) Bipole with a dedicated metallic return.

best option under unbalanced ac voltages [10]. Asymmetrical
monopole operation strategy for half-bridge submodule based
MMC considering dc pole imbalance was proposed in [8].
Although this strategy works well if both poles are under normal
operation, fault scenarios of a single pole were not addressed in
[8]. An independent pole control scheme of hybrid MMC was
presented in [9]. Comprehensive analysis on the control scheme
in [9] was handled regarding capacitor energy, unbalanced dc
pole voltage, and operating region. Moreover, PtG fault ride
through (FRT) strategy was investigated and simulations results
covered other fault conditions including dc pole-to-pole (PtP)
and three-phase ac fault. Nevertheless, the control method in [9]
still assumes that both poles of the MMC are fully controllable.
Also, ac single line-to-ground (SLG) fault was not considered
and the control scheme in [9] assumed the same dc pole currents
due to the saturation of the transformer, whereas the zigzag
transformer can handle unbalanced dc pole currents [11]. There-
fore, the control method proposed in [9] only tackles with the
case of unbalanced pole voltages, while it cannot fully enable
bipole operation, where the unbalanced pole currents should
be addressed. Table I provides a comprehensive summary of
the comparison, highlighting the limitations of existing studies
related to the bipole operation scheme using a single MMC.

Regarding aforementioned aspects, a novel independent pole
control for a single zigzag MMC is proposed in this article.
The key ideas and contributions of this work are summarized as
follows.

1) Upper and lower arm currents are controlled separately in-
cluding each pole current. Instead of only using negative-
sequence ac-side current for energy balancing, the pro-
posed scheme can indirectly inject circulating current
as in the conventional control method of an MMC [12]
by coupling upper and lower balancing controller power
references in a simple manner when both poles are healthy.

2) A seamless power reference transition, which immediately
decouples the upper and lower balancing controllers, is
proposed in this article. As a result, the proposed control
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TABLE I
COMPARISON OF EXISTING BIPOLE OPERATION SCHEMES FOR A SINGLE MMC

Fig. 2. Schematic of the conventional MMC.

scheme enables the continuous operation of healthy pole
even if the fault occurs in the other pole, thereby fully
utilizing the bipole operation capability of a single zigzag
MMC.

3) An SLG ac fault in the case of point-to-point system
is considered in the proposed independent pole control
scheme. An SLG ac FRT strategy can be integrated while
preserving the independent pole control capability. Feed-
forward terms under unbalanced ac conditions are also
utilized in the proposed control scheme.

The effectiveness of the proposed control scheme is vali-
dated with a controller hardware-in-the-loop (CHIL) test system
utilizing real-time simulators. A point-to-point bipolar MVDC
distribution system is configured using two real-time simulators,
each of which emulates a single zigzag MMC station. Experi-
mental results using a downscaled MMC prototype and a zigzag
transformer also further validate the proposed control scheme.

II. CIRCUIT OF ZIGZAG MMC

Unlike the conventional MMC configuration shown in Fig. 2,
the zigzag MMC utilizes a delta-zigzag transformer for ac-grid
connection, as depicted in Fig. 3. The secondary-side windings

Fig. 3. Schematic of the zigzag MMC.

Fig. 4. Zigzag transformer winding.

of the transformer are connected in a zigzag manner, as shown
in Fig. 4, such that the magnetic fluxes induced by the zero-
sequence winding current are canceled out in each core. This is
attributed to the fact that the magnetomotive forces generated
by both sets of secondary-side windings on the same core are
with the same magnitudes but opposite polarities as indicated by
the dot convention. In addition, the star point of the secondary
side is connected to the neutral cable conductor, namely the
DMR, of the bipolar MVDC distribution systems. The neutral
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TABLE II
COMPARISON OF CONVENTIONAL BIPOLAR SYSTEM AND ZIGZAG MMC

conductor can be grounded solidly or with an impedance depend-
ing on the application requirements. With this configuration,
the zigzag MMC can operate continuously without saturation
of the transformer, even if a zero-sequence dc winding current
flows via the star point in the case of pole-current imbalance.
Furthermore, bipole operation of the converter can be achieved
without penalty of increased voltage or current stress on the
components. Validity of the concept was verified by simulations
and experiments regarding unbalanced dc loads between both
poles in [5].

A. Comparison With Conventional Bipolar Systems

A typical configuration of conventional bipolar systems re-
quires two MMCs and two transformers for interfacing a single
ac grid as shown in Fig. 1(b). Therefore, each transformer must
endure not only the rated ac voltage, but also the half of the rated
dc voltage against ground potential in terms of insulation. On the
other hand, only a single transformer is used in the case of the
zigzag MMC and this transformer only has to endure the rated ac
voltage if the star point of the secondary side is grounded. This
feature alleviates the difficulty of transformer insulation design.

In addition, different from the conventional bipolar MVDC
stations in Fig. 1(b), the zigzag MMC only requires one trans-
former and one MMC, which can significantly reduce the cost
and footprint of the converter station. However, from the per-
spective of system reliability, the risk associated with a trans-
former failure increases due to the reduced redundancy of trans-
formers. Nevertheless, since the typical lifetime of a distribution
transformer is estimated to be around 10–20 years [13], [14], the
reduction in the number of transformers would not significantly
affect the overall system reliability in MVDC applications. This
trade-off between cost, reliability, and insulation requirements
is summarized in Table II.

One might argue that if the star point of the transformer is
grounded, the conventional third-harmonic zero-sequence volt-
age injection method for enlarging modulation index cannot be
utilized in the zigzag MMC. Although this may be a critical
drawback for high-voltage direct-current (HVDC) transmission
systems where a large number of submodules are needed, zigzag
MMC is still an attractive option for MVDC applications, where
the number of submodules is not much high.

Fig. 5. DC-side short-circuit fault clearing strategies for zigzag MMC.
(a) Using DCCBs. (b) Using ACCBs.

B. DC-Side Fault Clearing Strategies for Zigzag MMC

A number of topologies and operation strategies have been
developed for HVDC transmission systems, to ensure continu-
ous and seamless system operation under faults, regardless of
the system configuration. Especially for PtP and PtG faults on
the dc sides, it is well known that an MMC which consists of
sufficient full-bridge submodules provides FRT capability [15],
[16]. Although concepts proposed in [15], [16] are applicable
to MVDC distribution systems, these concepts are undesired for
MVDC applications due to high losses of full-bridge submod-
ules and high capital costs [17]. Therefore, this article mainly
focuses on a half-bridge submodule based MMC, which needs
circuit breakers for dc-side fault clearing.

As shown in Fig. 5(a), two dc circuit breakers (DCCBs) can
be installed at both poles to deal with corresponding dc-side
faults. Although it is common in MVDC power systems to use
DCCBs for fast protection, DCCBs are costly and their control
is complex in practice [18]. On the other hand, two ac circuit
breakers (ACCBs) can be utilized instead of DCCBs as shown in
Fig. 5(b). Half-bridge submodules are typically equipped with
thyristors and bypass switches, which are activated during dc
short-circuit faults to protect the power semiconductor devices
from fault currents [19], [20], [21]. In consequence, the faulty
pole then behave as a half-wave rectifier where zero-crossing
points of arm currents are naturally present. With these zero-
crossing points, the associated ACCB can be tripped but much
slowly than the DCCBs.

It is important to note that an ACCB should be also installed
in the primary side of the transformer for both cases, such that
the transformer can be de-energized from the grid by tripping
corresponding ACCB. As a result, unlike the conventional bipo-
lar system as shown in Fig. 1(b), the number of installed ACCB
increases when the zigzag MMC adopts the dc-side fault clearing
strategy using ACCBs, as shown in Fig. 5(b). Both fault-clearing
options are considered in the PtG fault simulation described in
Section VI.

III. MODELING OF ZIGZAG MMC

This section presents a reformulated perspective on MMC
modeling to facilitate understanding of the proposed control
scheme. The following subsections compare conventional and
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Fig. 6. Equivalent circuits of the conventional MMC modeling. (a) DC-side
current equivalent circuit. (b) AC-side current equivalent circuit. (c) Circulating
current equivalent circuit.

reformulated MMC models with respect to arm current and
energy balancing control, respectively.

A. Arm Current

Following the conventional MMC modeling [2], [12], upper
and lower arm currents are written as

ixu =
1

3
idc +

1

2
ixs + ixo,cir (1)

ixl =
1

3
idc − 1

2
ixs + ixo,cir (2)

where idc denotes dc-side current of MMC; ixs denotes ac-
side current of MMC; and ixo,cir denotes circulating current,
which is not present on both ac and dc sides of MMC. Each
equivalent circuit based on the conventional MMC modeling is
depicted in Fig. 6. The dc-side current, ac-side current, and the
circulating current can be modeled and controlled independently
as indicated by Fig. 6. Therefore, in the conventional MMC
control, the current control is executed based on the independent
control of dc-link current, ac-side current, and circulating current
rather than controlling upper and lower arm currents directly as
control targets. As these expressions indicate that upper and
lower arm currents are coupled, a current control scheme based
on this arm current modeling is effective only when the entire
converter operates normally. Also, it is worth noting that equal
pole currents are assumed, since the conventional MMC cannot
operate under pole-current imbalance condition.

However, when the case of unbalanced pole currents is con-
sidered, upper and lower arm currents can be reconstructed
alternatively as

ixu =
1

3
idc,u + ixs,u (3)

ixl =
1

3
idc,l − ixs,l. (4)

Note that the zero-sequence dc components are defined individu-
ally for positive and negative poles compared to the conventional
modeling. These definitions imply that the unbalanced pole
currents can flow through the secondary side of the transformer
thanks to the feature of the zigzag winding arrangement. Each
equivalent circuit of the generalized zigzag MMC modeling is
shown in Fig. 7, and independent current control between both
poles can be achieved based on these equivalent circuits.

Fig. 7. Equivalent circuits of the generalized zigzag MMC modeling. (a)
Upper arm AC-side equivalent circuit. (b) Upper arm DC-side equivalent circuit.
(c) Lower arm AC-side equivalent circuit. (d) Lower arm DC-side equivalent
circuit.

Secondly, ixs,u, ixs,l are decomposed into three components
as

ixs,u = i+xu + i−xu + ixu,dc (5)

ixs,l = i+xl + i−xl + ixl,dc. (6)

The purpose of this modeling is to fully exploit circulating
current components for arm energy balancing, similarly to the
control scheme proposed in [12]. Although circulating currents
are not directly defined in (3) and (4), it is important to note that
they can still be indirectly injected if the following conditions
are met.

1) The sum of the currents over the three phases should be
zero in order not to affect the dc side of MMC. Therefore,
a portion of ixs,u and ixs,l can contribute to the circulating
current.

2) A specific component of ixs,u and ixs,l should have the
same magnitude but opposite signs in order not to affect
the ac side of MMC; e.g., i−xu = −i−xl.

These conditions are appropriately employed in the proposed
control scheme via power reference coupling, which is described
in Section IV. This coupling is enabled when both poles are
healthy so that unnecessary continuous negative-sequence cur-
rent injection into the ac side can be avoided unlike in [7]. Also,
the dc components of the circulating currents can be injected
using ixu,dc and ixl,dc, which provides advantages such as lower
capacitor voltage ripple and balanced ac-side currents during ac
SLG FRT [10].

B. Arm Energy Balancing Problem

An arm energy balancing control problem of MMC has a total
of six degrees of freedom (DOFs) to address, corresponding to
the control of the energy of the six arms at their rated values
[22]. These DOFs can be grouped into the following equivalent
balancing problems [12]:⎧⎪⎨

⎪⎩
∑

x(Exu + Exl) = 6Erated

Eau + Eal = Ebu + Ebl = Ecu + Ecl

Eau − Eal = Ebu − Ebl = Ecu − Ecl = 0.

(7)
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This grouping also shares the same framework as that of horizon-
tal and vertical balancing [23]. From (7), it can be noticed that
upper and lower arm energies are coupled. In consequence, an
arm energy balancing control based on these balancing problems
is valid only when the entire converter operates normally.

Instead, these problems can be reformulated as follows:∑
x

Exu = 3Erated (8)

Eau = Ebu = Ecu (9)∑
x

Exl = 3Erated (10)

Eal = Ebl = Ecl. (11)

Based on these reformulated balancing problems, energies of
upper and lower arms can be separately controlled. Energy
balancing controllers to handle these balancing problems are
described in detail in Section IV.

IV. PROPOSED MMC INDEPENDENT POLE CONTROL

The control strategy of zigzag MMC was already discussed
in [5], considering unbalanced dc loads. However, like other
MMC control strategies [2], it assumes the normal operation of
both upper and lower arms. Although this strategy is effective
under normal operation conditions where both poles are healthy
and fully under control, the whole converter cannot sustain
continuous operation in the case of a single pole failure because
this assumption is no longer valid.

Unlike the conventional MMC arm capacitor energy bal-
ancing control schemes [12], [22], [23], the proposed control
strategy independently handles energy balancing for upper and
lower arms. By separating upper and lower arm energy balancing
controllers, each pole can be operated regardless of failure of the
other pole.

A. Arm Current Control

To independently control upper and lower arm currents, two
separate arm current controllers are adopted in this article.

Applying the superposition principle, the total of four arm
current components can be controlled with the following arm
output voltage references:

v∗xu = v∗dc,u︸︷︷︸
DC side

− v+∗
xu − v−∗

xu − v∗xu,dc︸ ︷︷ ︸
PIR control

(12)

v∗xl = v∗dc,l︸︷︷︸
DC side

+ v+∗
xl + v−∗

xl + v∗xl,dc︸ ︷︷ ︸
PIR control

. (13)

v∗dc,u, v∗dc,l indicate the pole-voltage references, which are
used to control the pole currents in the inverter mode and
the pole voltages in the rectifier mode. To control remaining
arm currents accordingly, proportional-integral-resonant (PIR)
controllers [5] are implemented for both poles in the stationary
reference frame. Each sensed secondary-side phase voltage of
the transformer vxs is also used for voltage feedforward for both

current controllers to enhance current-control dynamics. In ad-
dition, dual second-order generalized integrator is implemented
to extract both positive-sequence components v+xs and negative-
sequence components v−xs from sensed phase voltages in order
to deal with the unbalanced ac grid condition. With the extracted
positive-sequence phase voltages, synchronous reference frame
phase-locked loop (SRF-PLL) is adopted to track instantaneous
phase angles for transforming dq-axes current references into
three-phase current references [24]. PIR controller gains are
tuned based on the phase equivalent circuit of each arm as shown
Fig. 7(a) and Fig. 7(c).

Overall current control schemes are depicted in Fig. 8. Note
that the indirect-modulation scheme, which is described in [25],
is used in this article for the accurate synthesis of the arm output
voltage references.

B. Arm Energy Balancing Control

Equations (8) and (10) need 1 DOF each and (9) and (11) need
2 DOFs each, which can be mapped to 3 DOFs of the Clarke
transformation, respectively [23]. Since each arm energy has
both fundamental and twice-line-frequency energy ripples [26],
two notch filters are applied in series to remove both types of
ripples.

In order to control the arm capacitor energy, power references
are generated with simple proportional-integral (PI) controllers
considering control DOFs as shown in Fig. 8. Since v−∗

xu, v−∗
xl ,

v∗xu,dc, v∗xl,dc are negligible during normal operation, averaged
powers of upper and lower arms over one ac-side fundamental
period are calculated using (3), (4), (12), and (13) as

Pxu = v∗dc,u
idc,u
3

− v+∗
xu i

+
xu︸ ︷︷ ︸

zero−sequence components

+ v∗dc,uixu,dc − v+∗
xu i

−
xu︸ ︷︷ ︸

αβ components

(14)

Pxl = v∗dc,l
idc,l
3

− v+∗
xl i

+
xl︸ ︷︷ ︸

zero−sequence components

− v∗dc,lixl,dc − v+∗
xl i

−
xl.︸ ︷︷ ︸

αβ components

(15)

According to (14) and (15), sums of averaged upper arm and
lower arm powers are deduced as∑

x

Pxu = 3P0u = v∗dc,uidc,u − 3v+∗
xu i

+
xu (16)

∑
x

Pxl = 3P0l = v∗dc,lidc,l − 3v+∗
xl i

+
xl (17)

since the sum of αβ components is zero. In the proposed control
strategy, power references to achieve (8) and (10) are regulated
using the ac-side active power by controlling positive-sequence
currents.

When both poles are in the normal operation mode, power
references, which realize balancing problems of (9) and (11),
are coupled as follows:

P ∗
αu,dc =

v∗dc,u
v∗dc,u + v∗dc,l

(P ∗
αu + P ∗

αl) (18)

P ∗
βu,dc =

v∗dc,u
v∗dc,u + v∗dc,l

(P ∗
βu + P ∗

βl) (19)



10330 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 6, JUNE 2026

Fig. 8. Block diagram of the proposed MMC control scheme in the case of the inverter mode.

P ∗
αl,dc =

v∗dc,l
v∗dc,u + v∗dc,l

(P ∗
αu + P ∗

αl) (20)

P ∗
βl,dc =

v∗dc,l
v∗dc,u + v∗dc,l

(P ∗
βu + P ∗

βl) (21)

P−∗
αu = P ∗

αu − P ∗
αu,dc (22)

P−∗
βu = P ∗

βu − P ∗
βu,dc (23)

P−∗
αl = P ∗

αl − P ∗
αl,dc (24)

P−∗
βl = P ∗

βl − P ∗
βl,dc. (25)

Then, ixu,dc and ixl,dc are selected to realize the power refer-
ences in (18)–(21), while i−xu and i−xl are selected to realize the
power references in (22)–(25).

Note that both positive-sequence and negative-sequence cur-
rent references are derived using v+xs neglecting the voltage drops
of arm inductors since both v+∗

xu and v+∗
xl consist of v+xs. There-

fore, each current reference of upper and lower arms utilizes the
same calculators, respectively, as shown in Fig. 8.

The detailed structures of the current reference calculators are
depicted in Fig. 9. As shown in Fig. 9(a), the positive-sequence
current references are derived from the q-axis current references,
while v+xs is oriented to the q-axis.

To calculate the non zero-sequence dc current references, the
power references in (18)–(21) are transformed into three-phase
values and then they are divided by the pole voltages, as shown
in Fig. 9(b). Therefore, the relationship between i∗xu,dc and i∗xl,dc
is deduced as

i∗xu,dc = −i∗xl,dc. (26)

Lastly, regarding the upper arm negative-sequence current
reference calculator, the inputs to the calculator are formulated
using the averaged power as

⎧⎪⎨
⎪⎩
P−∗
αu = −V +I−

2
cosφ

P−∗
βu = −V +I−

2
sinφ

(27)
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Fig. 9. Block diagrams of current reference calculators. (a) Positive-sequence
current references. (b) Non zero-sequence DC current references. (c) Negative-
sequence current references.

whereV + denotes the magnitude of the v+xs; I− denotes the mag-
nitude of i−xu; and φ denotes the phase of the power references in
theαβ-axes. In order to generate the corresponding current refer-
ences, similar equations are used following a negative-sequence
circulating current reference calculation scheme described in
[12] ⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩
i−∗
αu = −2

P−∗
αuv

+
αs − P−∗

βuv
+
βs

V +2

i−∗
βu = −2

P−∗
αuv

+
βs + P−∗

βuv
+
αs

V +2

V +2 = v+2
αs + v+2

βs .

(28)

Also, additional transformation is needed to convert these refer-
ences into negative-sequence three-phase values. The transfor-
mation matrix T is represented as

T =

⎡
⎢⎢⎢⎣

1 0

−1

2
−
√
3

2

−1

2

√
3

2

⎤
⎥⎥⎥⎦ . (29)

Fig. 10. Input modification of current reference calculators for the healthy
pole after pole fault detection of the other pole. (a) In the case of negative-pole
fault. (b) In the case of positive-pole fault.

The complete negative-sequence current reference calculators
are depicted in Fig. 9(c). Note that due to the opposite sign of
the inputs to the negative-sequence current reference calculators
followed by (22)–(25), relationship between i−∗

xu and i−∗
xl can be

deduced as

i−∗
xu = −i−∗

xl . (30)

C. Comparison With Conventional MMC Control [12]

As upper and lower arm currents are controlled separately,
the conventional circulating current injection for arm energy
balancing is no more feasible since the injection relies on the
symmetric operation of both upper and lower arms. Instead, the
proposed control can naturally result in injection of circulating
currents in an indirect manner, by controlling upper and lower
arm currents with the derived references in (26) and (30) when
both poles of the MMC are healthy. This sustains one of the
most important advantages of the conventional MMC control:
The energy balancing control is merely based on the circulating
current injection inside the MMC and is fully independent and
decoupled from the ac- and dc-side currents.

1) Total Energy: Total energy can be properly controlled as
(8) and (10) are successfully regulated. The sum of ac grid active
powers flowing through upper and lower arms contribute to the
total energy control using commonly controlled q-axis currents
of both arms.

2) Leg Energy: Each sum of leg energy can be managed to the
same value if (9) and (11) are achieved. This can be done thanks
to the power references derived from (18)-(21). It is important
to note that since non zero-sequence current references have
relationship as (26), they do not appear in both ac and dc sides
like conventional circulating currents.
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3) αβ Arm Energy Difference: Each αβ arm energy differ-
ence can also be controlled when (9) and (11) are achieved. The
power references calculated in (22)-(25) deal with this energy
difference control. Similar to the case of leg energy control,
the negative-sequence currents of both arms act as negative-
sequence circulating currents due to (30).

4) Zero-Sequence Arm Energy Difference: In [12], energy
difference between the upper and lower arms, which commonly
appears in every leg, is controlled by positive-sequence circulat-
ing current. Similarly, differences between the q-axis currents of
both arms equally flow through every leg if the proposed control
method is applied. In this way, the zero-sequence arm energy
difference can be controlled to zero.

V. PROPOSED FAULT-TOLERANT CONTROL

This section provides control strategies to deal with a single
pole fault and unbalanced ac grid condition. Based on the afore-
mentioned control scheme, these faulty conditions are handled
by appropriately adjusting power references. Furthermore, an
SLG ac FRT strategy is also integrated to validate the flexibility
of the proposed control scheme.

A. Energy Balancing Control for Asymmetrical Monopole
Operation Mode

If a permanent single pole fault is detected, the system config-
uration turns into the asymmetrical monopole configuration by
blocking and disconnecting the faulty pole. As a consequence,
circulating current injection through the MMC leg is no longer
feasible circuit-wise. Instead, a negative-sequence phase current
injection [7] is the feasible way as a compromise to balance the
healthy arm energy since offset voltage cannot be injected due to
the interconnection of zigzag transformer star point and dc-side
neutral point.

And for seamless transition of energy balancing control mode,
inputs to the current reference calculators can be simply modified
as shown in Fig. 10, when the other pole fault is detected. In con-
sequence, the non zero-sequence direct current references are
changed to zero in the asymmetrical monopole operation mode.
Therefore, continuous energy balancing in the healthy pole is
ensured using the negative-sequence currents injected into the
ac side. As the upper and lower arm currents are controlled
separately, the current controller of the healthy pole operates
seamlessly and tracks modified current references rapidly while
the other controller is disabled.

B. Feedforward Control Strategy Under Unbalanced AC Grid
Conditions

Considering imbalances and asymmetrical faults on the ac
grid which are likely to occur in distribution systems, energy
balancing control should be modified to improve the dynamic
control performance [10], [27]. Feedforward terms are utilized in
the proposed control scheme, but in a slightly different manner
compared to the existing MMC control schemes, in order to
preserve the independence between both poles.

Fig. 11. Modified energy balancing controllers including feedforward terms.

Since negative-sequence phase voltages are not negligible
under unbalanced ac grid conditions, aforementioned energy
balancing controllers, which are designed for normal operation,
have to deal with large disturbances. In order to cancel these
disturbances, the following feedforward terms are compensated
to energy balancing controllers of both poles:⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

P0u,FF =
v−αsi

−∗
αu + v−βsi

−∗
βu

2

Pαu,FF =
v−αsi

+∗
αu − v−βsi

+∗
βu

2

Pβu,FF = −v−αsi
+∗
βu + v−βsi

+∗
αu

2

(31)

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

P0l,FF =
v−αsi

−∗
αl + v−βsi

−∗
βl

2

Pαl,FF =
v−αsi

+∗
αl − v−βsi

+∗
βl

2

Pβl,FF = −v−αsi
+∗
βl + v−βsi

+∗
αl

2
.

(32)

A detailed derivation process of these terms is given in the
Appendix. Note that it is reasonable to use each pole current
references for the calculation because of relatively low energy
balancing control bandwidth compare to current control band-
width [28]. The modified energy balancing controllers including
feedforward terms are depicted in Fig. 11.

C. AC SLG FRT Strategy Integration

Integration of ac SLG FRT strategy is needed to deal with
modern grid codes which require continuous stable operation of
converter under asymmetrical ac side faults. Although various
ac SLG FRT strategies for MMC stations have been proposed
[29], an FRT scheme proposed in [27] is chosen as an example
and is extended to the zigzag MMC to demonstrate the flexibility
of the proposed independent pole control scheme in this article.

FRT controllers during an SLG fault on the rectifier-mode
MMC are established for both poles as shown in Fig. 12. Pole
voltages are varied by the rectifier-mode MMC to inform the
inverter-mode MMC that there is a lack of instantaneous active-
power capacity due to the ac grid voltage sag. The differences



KIM et al.: FAULT-TOLERANT INDEPENDENT POLE CONTROL SCHEME OF ZIGZAG MMC FOR BIPOLAR MVDC DISTRIBUTION SYSTEMS 10333

Fig. 12. Integration of the AC SLG FRT controllers into the proposed control
scheme. (a) Positive pole. (b) Negative pole.

between the q-axis current references before and after the sat-
uration block is used to modify the pole voltage references of
the rectifier-mode MMC. By estimating pole voltage references
considering voltage drop by cable resistance, the inverter-mode
MMC immediately limits the dc-side power references based on
the predetermined pole voltage and power reference slope.

Furthermore, the power flow controller for the inverter-mode
MMC is also duplicated to handle the active power flow of
each pole, as shown in Fig. 13. Since pole currents are used to
regulate dc-side power flow, saturation blocks are first applied
to power references considering the ac grid voltage sag and then
both pole current references are derived. With these power flow
controllers, FRT during an SLG fault on the inverter-mode MMC
can be valid for both poles.

VI. CONTROLLER HARDWARE-IN-THE-LOOP VALIDATION

To verify the proposed independent pole control scheme
using a controller hardware in real time, a CHIL test system
is configured as shown in Fig. 14. An OPAL-RT real-time

Fig. 13. Duplicated power flow controllers of the inverter-mode MMC. (Iqs
denotes the rated q-axis current of MMC.)

Fig. 14. System configuration used in the CHIL test.

simulator emulates distribution cables and a single zigzag
MMC, referred to as MMC-A. MMC-A connected to ac grid
1 operates in the inverter mode where the active power of
each pole is controlled with the pole current reference of each
corresponding pole. An RT Box also emulates the other zigzag
MMC, referred to as MMC-B. MMC-B connected to ac grid 2
operates in the rectifier mode which maintains the dc voltages
of both poles at the rated pole voltage. All submodules of the
zigzag MMC are configured using half-bridge submodules.
In addition, an ideal transformer model is used to link both
poles in the real-time simulator, enabling the configuration of
a point-to-point MVDC distribution system. Measured pole
voltages and currents are exchanged via analog input and output
channels of real-time simulators, and then the measured values
are realized with controllable voltage and current sources.
Note that the neutral points of the MVDC cables, namely the
dedicated metallic return conductors, are solidly grounded.

The whole CHIL test setup is shown in Fig. 15. A dedicated
MMC replica controller is connected to the OPAL-RT real-time
simulator, and the proposed control scheme for the inverter-
mode station is implemented on the replica controller forming
a CHIL test environment. On the other hand, the proposed
control scheme for the rectifier-mode station is implemented
on the RT Box using rapid control prototyping functionality,
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Fig. 15. Implemented CHIL test setup.

TABLE III
PARAMETERS USED IN THE CHIL TEST SYSTEM

which emulates a controller and system model simultaneously.
The detailed parameters of the CHIL test system are listed in
Table III.

A. Normal Operation

First, in order to validate the proposed MMC control scheme
for bipole operation, simulation under normal condition is con-
ducted and the results are shown in Fig. 16. Since the startup
sequence of both converter stations is not the main focus of
this article, the initial operation phases of both converters are

Fig. 16. CHIL test results of MMC-A operating in normal condition. (The red
dashed line indicates the zero value.)

excluded. At t = 0s, the positive pole of MMC-A starts to draw
active power from 0 p.u. to 1 p.u. by controlling the positive-pole
current while the negative pole of MMC-A keeps idle operation.
At the same time, the positive pole of MMC-B supplies active
power from the ac side to the dc side accordingly. As a result, as
shown in Fig. 16, only the upper arm currents mainly conduct
while the lower arm currents are nearly controlled to zero. The
averaged submodule capacitor voltages of both poles are also
successfully controlled to the rated voltage while both sides are
controlled separately.

It is important to note that the secondary-side currents of the
transformer have significant dc offsets when the active powers
of both poles are unbalanced. However, these offsets can be



KIM et al.: FAULT-TOLERANT INDEPENDENT POLE CONTROL SCHEME OF ZIGZAG MMC FOR BIPOLAR MVDC DISTRIBUTION SYSTEMS 10335

Fig. 17. Positive PtG fault scenario at the MMC-A side.

endured without core saturation by adopting the zigzag winding
which cancels out zero-sequence flux. Furthermore, it can be
observed that the primary-side currents and the secondary-side
phase-to-ground voltages do not contain any zero-sequence dc
offsets, which also reflects the unique feature of the zigzag
transformer.

At t = 0.1 s, the negative pole of MMC-A independently
draws active power from 0 p.u. to 1 p.u. while the positive pole
of MMC-A continues to operate at its rated condition. Finally, as
shown in Fig. 16, both poles of MMC-A draw equal active power
simultaneously, maintaining the balanced submodule capacitor
voltages.

These results confirm that the bipole operation of both poles
under normal conditions can be also achieved using the proposed
control scheme.

B. Operation Under Pole-to-Ground Fault

To verify the effectiveness of the proposed control scheme
under a single pole fault, a scenario which contains a positive
PtG fault at the MMC-A side is tested as shown in Fig. 17. In
this scenario, the ground fault resistance is set to 1 Ω.

As shown in Fig. 18, both poles of MMC-A initially draw
1 p.u. active power from dc side, while MMC-B operates ac-
cordingly in pre-fault phase. At t = 20 ms, a positive PtG fault
occurs at the MMC-A side and large fault currents flow through
the star point of the transformer secondary side. Following a
fault clearing sequence in response, the upper arm submodules
are turned into blocking mode and DCCB isolates the faulty pole
within 2 ms. For the sake of simplicity, it is assumed that both
converters detect the fault simultaneously and the time required
for the protection is the same.

Meanwhile, the negative poles of both converters operate in
the pre-fault rated condition regardless of PtG fault occurring at
the other pole. Since the proposed control strategy separates the
control of each pole, the lower arm currents can be continuously
controlled to the desired value. Although the lower arm currents
are slightly distorted before fault clearance, this does not seri-
ously affect the healthy pole operation during the short-circuit
fault event. Therefore, the dc-side power delivery of the negative
pole can be sustained without an interruption.

In addition, the upper arm averaged capacitor voltages of
MMC-A remain unchanged after entering blocking mode as
shown in Fig. 18. On the other hand, the lower arm averaged
capacitor voltages of MMC-A are nicely balanced in the rated
voltage within the whole time region. This is because the pro-
posed energy-balancing mode transition scheme is seamlessly

Fig. 18. CHIL test results under the positive PtG fault condition. (DCCB clears
the fault.)

applied after the fault detection so that the negative-sequence
phase currents are injected to the ac grid temporarily for the
healthy pole energy balancing.

Furthermore, another CHIL test is performed to validate
both the fault clearing strategy using ACCB and the proposed
control scheme. As shown in Fig. 19, the same positive PtG
fault scenario is applied at t = 20 ms and the positive pole of
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Fig. 19. CHIL test results under the positive PtG fault condition. (ACCB clears
the fault.)

MMC-A is blocked sequentially. Within approximately 60 ms,
the ACCB in the upper arm clears the fault by operating at the
natural zero-crossing point of the arm current. Similarly,
the negative pole continues to operate in the rated condition after
the fault clearance. Although significant fault currents occur
in the positive pole, the submodules are protected by protection
bypass thyristors, and the passive components, such as
transformer windings and arm reactors, are practically designed
to withstand these transient fault currents in accordance
with the overall protection coordination scheme [20], [21].

Fig. 20. CHIL test results under SLG fault condition on AC grid 1.

Consequently, the overall system remains undamaged under
such fault conditions.

These results demonstrate the validity of the proposed control
scheme, which preserves the independence of both poles even
if a single pole undergoes severe PtG fault.

C. AC SLG FRT

Operation under the ac SLG fault conditions are tested to
validate the integrated ac SLG FRT strategy. Since the ac SLG
FRT strategy is separately integrated to each pole, initial op-
erating points of both poles are intentionally set to different
values. Consequently, it is assumed that the positive pole of
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Fig. 21. CHIL test results under SLG fault condition on AC grid 2.

MMC-A draws 1 p.u. active power from the dc side while
the negative pole keeps idle operation with zero active power
transfer.

As shown in Fig. 20, an SLG fault occurs in ac grid 1 at t =
50 ms and the instantaneous power capacity of the positive pole
is reduced to two-thirds of the rated pole power due to the ac grid
voltage sag. The power flow controller reduces the positive-pole
current references in response while the negative-pole current
reference remains zero. Although upper arm currents increase
to maintain the balance of the upper arm energies, the peak
of the currents is within the stable range considering the sub-
module design margin. One may argue that lower arm currents

Fig. 22. Comparison of the averaged submodule capacitor voltages of MMC-
A with and without feedforward terms under unbalanced AC grid conditions.
(The red dash-dot pattern denotes the nominal value of the submodule capacitor
voltage.) (a) Test results when the feedforward terms are not applied. (b) Test
results when the feedforward terms are applied.

TABLE IV
PARAMETERS OF THE DOWNSCALED EXPERIMENTAL SETUP

simultaneously increase, even though there is no active power
flow at the negative pole. This results from the power reference
coupling between the upper and lower arms, which leads to
the indirect injection of circulating currents to maintain energy
balance across all arms as in [27]. At t = 200 ms, the fault is
cleared 150 ms later and the positive pole returns to the initial
operation point.
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Fig. 23. Implemented downscaled experimental setup. (a) Schematic diagram
of the experimental setup. (b) Photograph of the experimental setup.

As shown in Fig. 21, an SLG fault is applied in ac grid 2
at t = 50 ms to evaluate the coordination between the power
flow controller and the FRT controller, implemented in MMC-
A and MMC-B, respectively. The FRT controller adjusts the
positive-pole voltage reference of MMC-B to inform MMC-A
that there is a lack of power capacity at the positive pole. In
consequence, the power flow controller limits the positive-pole
current reference so that the upper arm currents are reduced in
response. Same as the previous SLG fault, the fault is cleared af-
ter 150 ms. Notably, the averaged submodule capacitor voltages
are consistently well balanced over the entire time interval.

Furthermore, an additional test is conducted without employ-
ing the feedforward terms under unbalanced ac grid conditions.
The effect of the feedforward terms on energy balancing control
performance is then investigated by comparing the averaged
submodule capacitor voltages, as shown in Fig. 22. As shown in
Fig. 22(a), the averaged submodule capacitor voltages initially
diverge and it takes certain time to converge to the nominal value
when the feedforward terms are not applied. In contrast, the
energy balancing control utilizing the feedforward terms quickly
addresses disturbances under the ac grid voltage sag, enabling
rapid convergence of the averaged submodule capacitor voltages
as shown in Fig. 22(b).

The test results show that the proposed control scheme not
only ensures the independent pole operation capability, but
also enables independent response under unbalanced conditions
including SLG faults.

VII. EXPERIMENTAL RESULTS

Several experiments are conducted with a downscaled
MMC prototype to validate the performance of the proposed

Fig. 24. Experimental results with the proposed control scheme when the
positive pole turns into the blocking mode abruptly.

independent pole control scheme. An experimental setup is
configured as depicted in Fig. 23(a), which consists of a grid em-
ulator, a zigzag transformer, a single MMC prototype, and two dc
power supplies. As shown in Fig. 23(b), the zigzag transformer
is implemented with a multiwinding transformer, which consists
of wye windings on the primary side and multiple open windings
on the secondary side. In addition, as dc power supplies maintain
pole voltages, the proposed control scheme for the inverter-mode
station is implemented on the controller. The detailed parameters
of the experimental setup are listed in Table IV.

A. Single-Pole Blocking

As submodules in the MMC prototype are not equipped with
the protection bypass thyristors, experiment under PtG fault
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Fig. 25. Experimental results with the control scheme in [6] when the positive
pole turns into the blocking mode abruptly.

scenario is impossible to be conducted unlike the CHIL test.
Instead, an abrupt transition to the blocking mode on a single
pole is performed while both poles are delivering the rated active
power to the ac grid to emulate the postfault scenario after a
PtG fault. This action represents a severe operating condition
to validate the transient performance of the proposed control
scheme.

Before t = 0 ms, both poles draw 1 p.u. active power from dc
power supplies by controlling pole currents, as shown in Fig. 24.
At t = 0 ms, the positive pole turns into the blocking mode
within 100 μs, causing the arm currents to rapidly shrink to zero.
In consequence, it can also be observed that capacitor voltages
of submodules in the positive pole remain nearly constant. On
the other hand, the negative pole continues to operate under
the rated active power condition, even when the other pole has
stopped operation. At the same time, energy balancing control
seamlessly turns into the asymmetrical monopole operation
mode ensuring that the capacitor voltages of submodules in the
negative pole remain continuously balanced at their nominal
values.

Furthermore, an additional experiment is conducted using the
control and mode transition scheme in [6], which relies on the
conventional MMC modeling and dependent control of both
poles. While both poles identically draw 1 p.u. active power,
the positive pole turns into the blocking mode at t = − 100 ms,
which is shown in Fig. 25. Although the positive pole current and
upper arm currents diminish to zero, the negative pole becomes

Fig. 26. Experimental results under SLG fault condition.

unstable, exhibiting large fluctuations in both the arm currents
and the capacitor voltages. Consequently, the negative pole
cannot maintain continuous operation with the control scheme
in [6].

These experimental results demonstrate that the proposed
control scheme enables each pole to be operated independently
with the seamless transition of the energy balancing control, even
if a single pole becomes uncontrollable and ceases its operation.

B. AC SLG FRT

Similar to the CHIL test scenario, another experiment is
conducted in which the positive pole initially draws 1 p.u.
active power from dc supply 1, while the negative pole main-
tains a minimum active power transfer to maintain sorting
and balancing of the submodule capacitor voltages within the
same arm.

As shown in Fig. 26, the grid emulator then initiates the
SLG fault at t = − 100 ms, and the power flow controller
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reduces the positive-pole current references in response while
the negative-pole current reference remains unchanged. The arm
currents of both poles increase to balance arm energies, which
is consistent with the CHIL test result of MMC-A shown in
Fig. 20. Although the primary-side currents of the transformer
seems slightly unbalanced, this is mainly due to the nonlinear
and significantly unbalanced three-phase magnetizing currents
of the transformer induced by the abrupt change of the grid
voltage as figured out in [30]. In contrast, the secondary-side
currents of the transformer are well balanced by closed-loop
current control and fully exploiting circulating currents through
the power reference coupling proposed in this article. At t =
100 ms, the fault is cleared and the positive pole restores its
operation to the rated active power condition. Throughout the
entire time interval including the SLG fault condition, the aver-
aged submodule capacitor voltages are effectively kept balanced
with the proposed control scheme.

These experimental results confirm the performance of the
proposed control scheme and the integrated FRT strategy under
SLG fault conditions.

VIII. CONCLUSION

This article presented the fault-tolerant independent pole con-
trol scheme of the zigzag MMC for bipolar MVDC distribution
systems. The proposed control scheme addressed the challenge
of maintaining independent control of each pole in the event
of a fault in the other. Even though the arm current controllers
and energy balancing controllers are separated within upper and
lower arms, the benefit of conventional MMC circulating current
based balancing control in the normal MMC can still be fully
exploited and preserved through power reference coupling when
both poles are healthy. When a severe single pole fault such as
a PtG fault occurs, this coupling can be seamlessly disabled by
modifying the inputs of the current reference calculators, thereby
ensuring continuous energy balancing in the healthy pole. Fur-
thermore, the existing ac SLG FRT strategy was integrated
into the proposed control scheme, incorporating feedforward
terms and additional controllers to preserve the independence
of both poles. The effectiveness of the proposed control strategy
was validated through the CHIL test, demonstrating the control
performance under both single PtG fault and ac SLG fault sce-
narios. Finally, experiments conducted with a downscaled MMC
prototype and a zigzag transformer validated the performance of
the proposed control scheme under abrupt single-pole blocking
and ac SLG fault conditions.

APPENDIX

Firstly, generic positive-sequence phase voltages and currents
of upper arm can be represented as⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩
v+as = V + cos(ωt)

v+bs = V + cos(ωt− 2π

3
)

v+cs = V + cos(ωt+
2π

3
)

(33)

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
i+au = I+ cos(ωt− φ+

i )

i+bu = I+ cos(ωt− φ+
i − 2π

3
)

i+cu = I+ cos(ωt− φ+
i +

2π

3
)

(34)

where φ+
i denotes the phase difference between positive-

sequence phase voltage and current.
In the case of negative-sequence phase voltages and currents

of upper arm, they can be also represented as⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
v−as = V −cos(ωt− φ−

v )

v−bs = V −cos(ωt− φ−
v +

2π

3
)

v−cs = V −cos(ωt− φ−
v − 2π

3
)

(35)

⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
i−au = I−cos(ωt− φ−

i )

i−bu = I−cos(ωt− φ−
i +

2π

3
)

i−cu = I−cos(ωt− φ−
i − 2π

3
)

(36)

whereφ−
v andφ−

i denote the phase differences between positive-
sequence phase voltage and negative-sequence phase voltage
and current.

Second, averaged power disturbances in upper arm yielded by
negative-sequence phase voltages can be deduced as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
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(37)

After applying Clarke transformation, these power disturbances
are represented as follows:⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

P0u = −V −I−

2
cos(φ−

i − φ−
v )

Pαu = −V −I+

2
cos(φ+

i − φ−
v )

Pβu = −V −I+

2
sin(φ+

i − φ−
v ).

(38)

Lastly, (34), (35), and (36) can also be Clarke transformed as
follows: {

i+αu = I+cos(ωt− φ+
i )

i+βu = I+sin(ωt− φ+
i )

(39)

{
v−αs = V −cos(ωt− φ−

v )

v−βs = −V −sin(ωt− φ−
v )

(40)

{
i−αu = I−cos(ωt− φ−

i )

i−βu = −I−sin(ωt− φ−
i ).

(41)
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Based on the trigonometric identities, below feedforward terms
are derived using (38) and (39)–(41)⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

P0u,FF = −P0u =
v−αsi

−∗
αu + v−βsi

−∗
βu

2

Pαu,FF = −Pαu =
v−αsi

+∗
αu − v−βsi

+∗
βu

2

Pβu,FF = −Pβu = −v−αsi
+∗
βu + v−βsi

+∗
αu

2
.

(42)

For the lower arms, feedforward terms can be similarly derived
by repeating the same procedure.
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