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Alternate Arm Converter Energy Balancing Under Parameter Variation
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and Josep Pou, Fellow, IEEE

Abstract—Energy balancing of the alternate arm converter
(AAC) is a major challenge and overlap period-based circulat-
ing current control methods are commonly used. Component pa-
rameter variation occurs due to tolerances, component aging, and
internal faults leading to stored energy imbalances of modular
voltage source converter (VSC) topologies. If not controlled, such
variations can severely impact the operation of the AAC. Hence,
component parameter variation is a key consideration for energy
balancing of all sorts of modular VSC topologies, but has not
been addressed in the existing literature for the AAC. This pa-
per investigates the energy balancing capability of the AAC in
high-voltage direct current (HVDC) applications under compo-
nent parameter variations and proposes a compensation method
to further improve its energy balancing performance. The effective-
ness of the proposed method is verified in a real-time model of an
AAC-HVDC transmission system from widely accepted existing
CIGRE benchmark models.

Index Terms—Alternate arm converter (AAC), energy balanc-
ing, high-voltage direct current (HVDC), parameter variation.

I. INTRODUCTION

A PPLICATIONS of modular voltage source converter
(VSC)-based high-voltage direct current (HVDC) sys-

tems [1] are increasing in modern power systems owing to their
unique features over conventional VSCs and line-commutated
current source converters [2]. The alternate arm converter
(AAC) [3] is an emerging dc fault-tolerant topology combin-
ing characteristics of the MMC and two-level converter in a
modular VSC topology. Despite the need for a dc-link capaci-
tor, the total stored energy remains lower than other equivalent
topologies [4]. Due to the topology and operation of the AAC,
the inherent energy balancing is confined to one operating point
called the “sweet-spot” [3] that belongs to the overmodulation
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range. Therefore, fully controllable bipolar SMs are required
for the AAC to generate ac voltages greater than the dc-link
voltage.

Nonsweet-spot operation of the AAC causes nonzero net en-
ergy exchange within the arms and requires additional effort
to regulate the energy by the arm currents. The combined op-
eration of the two arms of a phase leg is limited to a small
“overlap period” between the upper and lower arm director
switches (DSs) [3]. This allows circulating current flow through
the phase-leg superimposed to the arm currents to exchange en-
ergy between the arms. The majority of current AAC energy
balancing methods are based on overlap period and circulating
current control [5]–[7].

The component parameters of the power electronics convert-
ers are unlikely to remain identical and balanced in practical
applications. Parameter variations occur due to component toler-
ances, aging, and internal faults [8] causing erroneous operation
of internal energy controllers. On the other hand, energy bal-
ancing including SM, arm, and phase energy balancing are es-
sential for the operation of modular VSCs. Arm inductance and
SM capacitance variations predominantly affect the stored en-
ergy deviations/variations between the arms of modular VSCs.
Therefore, energy balancing under parameter variations is a key
consideration for all sorts of modular VSC topologies to ensure
reliable and robust operation [9], but has not been addressed in
the existing literature for the AAC.

The objectives of this paper are to study the energy balancing
performance of the overlap period based circulating current con-
trol and develop a compensation method to improve the energy
balancing performance of the AAC under component parameter
variation.

II. AAC OPERATION AND ENERGY BALANCING

Each phase-leg of the AAC topology [10] contains two arms
with N series-connected FB-SMs, one inductor L, and one DS
per arm. The two DSs (DSu and DSl) operate during the positive
and negative half-cycles of the output voltage va , respectively.
Owing to alternate operation of the two DSs, the total arm
voltage of the AAC is lower than the full dc-link voltage. The
two arms of a phase-leg alternatively conduct the total output
current during the two half-cycles of va .

Compared to the MMC, a continuous dc current is not present
in the AAC throughout the fundamental voltage cycle to regulate
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the SM capacitor energy. Therefore, the stored energy depends
on the operating point. Inherent energy balancing is achieved
only when the net exchanged energy of an arm is zero over
each half-cycle [3] and the operating point is called the “sweet-
spot” (ma = 4/π). Conventionally, a small duration (“overlap
period”) around the zero-crossing points of va is provided by
overlapping the operation of DSs, allowing a common circu-
lating current to balance the stored energy of the phase-leg at
nonsweet-spot operation.

III. ENERGY BALANCING UNDER PARAMETER VARIATION

A. AAC Operation Under Arm Inductor Variation

Considering the alternate operation of the arms, the out-
put voltages for the positive and negative half-cycles can be
written as

va =
Vdc

2
− duNVC − L

dia
dt

, and (1)

va = − Vdc

2
+ dlNVC − L

dia
dt

(2)

respectively, where du and dl are the duty cycles of the arms.
Considering arm inductance variations (εLu and εLl) and the re-
sultant SM capacitor voltage deviation (δVC ), the output voltage
of (1) and (2) can be expressed as

va =
Vdc

2
− duN(VC + δVC ) − (1 − εLu )L

dia
dt

, and (3)

va = − Vdc

2
+ dlN(VC − δVC ) − (1 − εLl)L

dia
dt

. (4)

Assuming a strong ac grid and that the power flow to the ac
grid remains unchanged, the variation of va is negligible. Hence,
the terms εLuLdia

dt and εLlL
dia

dt of (3) and (4) are compensated
by the arm duty cycles (du and dl) in order to maintain va similar
to the balanced conditions. Consequently, stored energy of the
arms deviate due to the variation of the duty cycles. The SM
capacitor voltage deviations of the two arms are opposite and
equal as the total stored energy of the two arms is regulated by
the energy regulator.

The overlap operation of the AAC is modeled similarly to
the MMC operation for energy regulation using the circulating
current. Average stored energy difference between two arms
of an MMC phase-leg caused by unbalanced arm impedances
is balanced injecting a common mode fundamental component
to the circulating current [11]. Unlike the continuous circu-
lating current of the MMC, the circulating current of AAC is
limited to the overlap period. Therefore during the overlap pe-
riod, a common mode current component can be introduced to
the circulating current, instead of a fundamental component,
to balance the energy difference between the arms. This can be
achieved by scaling the differential voltages across the upper and
lower arm inductances and generating a common mode voltage
component [9].

Unbalanced SM capacitances cause SM capacitor voltage
ripple variation so the energy variation do not influence the
average stored energy of the arms. This leads to unbalanced

Fig. 1. Proposed compensation method.

losses distribution among the SMs, and improved SM ca-
pacitor sorting/balancing algorithms are used to balance the
losses [12].

B. Proposed Compensation Method

The proposed compensation method for energy balancing un-
der parameter variation (see Fig. 1) is developed as an extension
of the gradient-based current control method [7]. The gradient-
based current controller provides the differential voltage refer-
ence (v∗

diff) for both arms to regulate the stored energy within
both arms. In the compensation stage, a common mode volt-
age component (δv∗

com) which balances the energy difference
between upper and lower arms is introduced to v∗

diff.
A PI controller calculates the ratio (δv∗

com/v∗
diff) according to

the energy deviation (δeC ), regulating δeC to zero. Finally, the
controller provides voltage references

v∗
Lu = v∗

diff + δv∗
com, and (5)

v∗
Ll = v∗

diff − δv∗
com (6)

for the arm inductances of the upper and lower arms. The trans-
fer function of the proposed compensation loop for parameter
variations can be written as follows:

δV ∗
com(s) =

[
(1 − e−sT )(skp + ki) · V ∗

diff(s)
s2

]
δEC (s) (7)

where kp and ki are the PI controller gains and V ∗
diff(s) is the

output of the gradient-based current controller.
Fig. 1, and (5) and (6) show that the proposed method mod-

ifies the voltage across each arm inductor. This includes the
differential voltage that regulates the total stored energy within
the phase-leg and the common-mode component (7) that bal-
ances the energy difference between the upper and lower arms.
Hence, both energy regulation and energy balancing can be
achieved by the proposed method. As the SM capacitance varia-
tions affect only the SM capacitor voltage ripples, the proposed
compensation method is functional also under unbalanced SM
capacitances.
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Fig. 2. Energy balancing capability of the AAC at ma = 1.15 with 0.7L
lower arm inductance of phase a. (a) Grid voltages. (b) Grid currents. (c) SM
capacitor voltages of phase a. (d) Arm currents of phase a.

IV. SIMULATION RESULTS

A. Real-Time HVDC Model

In order to demonstrate the energy balancing performance of
the proposed compensation method under parameter variation,
an AAC-HVDC system with 255 SMs per arm is used [10]. The
model is derived from the CIGRE benchmark MMC-HVDC
transmission system and developed in a real-time digital simu-
lator. Readers are referred to [10] for a detailed description of
the real-time model.

The AAC is operating at constant current and power fac-
tor. The power references are P ∗ = p and Q∗ = 0.4p, where
apparent power s = p

√
1 + (0.4)2 is set proportional to the

operating point ma . Energy balancing performance of the pro-
posed method is demonstrated compared to the conventional
overlap period control method [5], and the gradient-based en-
ergy balancing method [7]. A typical (ma = 1.15) and a lower
(ma = 0.9) operating point are considered under 30% reduc-
tion in the lower arm inductance and 10% reduction in the lower
arm SM capacitances. In contrast to the MMC, the AAC re-
quires smaller arm inductance [13]. Therefore, significant arm
energy deviations are expected predominantly at considerably
large arm inductor variations.

B. Energy Balancing Performance

Fig. 2 shows the energy balancing capability of the conven-
tional overlap period control method at ma = 1.15 and 70%
of the nominal lower arm inductance of phase a. Fig. 2(c) and
(d) shows the SM capacitor voltages and the arm currents of
phase a. The SM capacitor voltages of both the upper and
lower arms deviate from the reference. The arm currents within
two consecutive overlap periods become unbalanced due to the

Fig. 3. Energy balancing capability of the AAC at ma = 0.9 with 0.7L
lower arm inductance of phase a. (a) SM capacitor voltages of phase a. (b) Arm
currents of phase a.

Fig. 4. Energy balancing capability of Gradient-based method [7] at
ma = 0.9 with 0.7L lower arm inductance of phase a. (a) SM capacitor volt-
ages of phase a. (b) Arm currents of phase a.

common-mode current component caused by the arm induc-
tance variations. The unbalanced arm currents within the overlap
period lead to unequal charging/discharging of the SM capac-
itors and, hence, energy deviations 0.5% and −2.9% in upper
and lower arms, respectively. The ac voltages and currents of
Fig. 2(a) and (b) are not significantly affected by the energy
deviation as the energy deviations are relatively small (<|3|%)
and the arm inductance size of the AAC is relatively small.

Fig. 3 demonstrates the energy balancing capability of the
AAC with conventional overlap period control method under
the arm inductance variation similar to Fig. 2 at ma = 0.9. The
upper and lower arm SM capacitor voltages of Fig. 3(a) devi-
ate from the reference due to the unbalanced arm currents of
Fig. 3(b) within the overlap period. Resultant energy deviations
of the upper and lower arms are −4.44% and −2.4%, respec-
tively, and lead to a total stored energy deviation of −3.41%.
Although the energy deviations are significant, the ac voltages
and currents are similar to Fig. 2 and not significantly affected
due to relatively low arm inductance requirement of the AAC.

The performance of the gradient-based energy balancing
method under arm inductor variations is shown in Fig. 4. SM
capacitor voltages of Fig. 4(a) deviate oppositely from the refer-
ence. As the gradient-based method is applied, the average en-
ergy of the phase-leg is regulated to the reference (total energy
deviation is−0.35%), but the energy deviations of the upper and
lower arms (1.84% and −2.55%, respectively) exist due to the
arm inductance imbalance. Compared to the conventional over-
lap period control method of Fig. 3, the average energy deviation
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Fig. 5. Energy balancing capability of the proposed method at ma = 0.9 with
0.7L lower arm inductance of phase a. (a) SM capacitor voltages of phase a.
(b) Arm currents of phase a.

Fig. 6. Energy balancing capability of the proposed method at ma = 0.9 with
0.7L lower arm inductance and 0.9C lower arm SM capacitances of phase a.
(a) SM capacitor voltages of phase a. (b) Arm currents of phase a.

of the phase-leg reduces approximately by |3|%. Accordingly,
the arm current imbalance among consecutive overlap periods
also reduces as seen in Fig. 4(b). Therefore, the gradient-based
method regulates the average energy of the phase-leg and as-
sists reducing the arm current imbalance, but additional control
is required to further reduce arm energy deviations.

The proposed method of Fig. 1 is applied and Fig. 5 shows
its energy balancing performance under arm inductance im-
balances. The upper and lower arm SM capacitor voltages of
Fig. 5(a) are regulated to the reference. The total arm energy,
upper arm energy, and lower arm energy deviations are−0.35%,
−0.36%, and −0.34%, respectively. Arm currents of Fig. 5(b)
are balanced due to the circulating current control performed by
the proposed compensation method.

The performance of the proposed method is further inves-
tigated under both arm inductance and SM capacitance varia-
tions. Although unlikely in practice, all the SM capacitances
of the lower arm are reduced by 10% of the nominal value to
demonstrate the performance of the proposed method under ex-
treme unbalanced conditions. Fig. 6(a) demonstrates the energy
balancing capability of the proposed under both arm inductance
and SM capacitance variations. The SM capacitor voltage ripple
increases due to the 10% capacitance reduction while the arm
currents [see Fig. 6(b)] and ac side voltages, currents, and arm
currents are not affected by the proposed method.

Fig. 7 evaluates the energy balancing performance of
conventional overlap period control, gradient-based energy
balancing, and proposed method under arm inductance vari-
ations, considering a typical range of AAC operating points

Fig. 7. Energy deviations of phase a with 0.7L lower arm inductance. (a) Av-
erage energy deviation of the phase-leg. (b) Average energy deviation of the
upper arm. (c) Average energy deviation of the lower arm.

(0.9 ≤ ma ≤ 1.2). Fig. 7(a)–(c) shows that the average stored
energy deviation of the phase-leg (ΔEa ) is significant and arm
energy deviations (ΔEau and ΔEal) are asymmetric under
the conventional overlap period control method. The gradient-
based energy balancing method regulates the average stored
energy (ΔEa ≈ 0) and leads to fairly symmetric energy devi-
ations (ΔEau ≈ −ΔEal) between the upper and lower arms.
Finally, the proposed method regulates the average stored
energy (ΔEa ≈ 0) of the phase-leg and reduces the energy
deviations (ΔEau ≈ 0 and ΔEal ≈ 0) of the upper and lower
arms, demonstrating improved energy balancing capability un-
der parameter variations.

V. CONCLUSION

Energy balancing is challenging at the nonsweet-spot opera-
tion of the AAC. This paper has studied the energy balancing
capabilities of overlap period-based circulating current control
under component parameter variations and proposed a compen-
sation method for the gradient-based circulating current con-
trol in order to balance the energy under arm inductance and
SM capacitance variations of the AAC. The proposed method
scales the differential voltage depending on arm energy de-
viation, imposing a common-mode current component in the
circulating current that reduces the arm energy imbalance. The
results based on a real-time AAC-HVDC transmission system
model demonstrate that the proposed method delivers improved
energy balancing performance for the AAC even at lower oper-
ating points under different AAC parameter variations and is an
important component in the operation of the AAC.
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