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1. Introduction
The transition toward low-carbon power systems
is accelerating the penetration of renewable en-
ergy sources and progressively changing the op-
erating conditions of electrical grids. Photo-
voltaic generation plays a central role in this
transition, but its large-scale integration also in-
creases the relevance of converter control. Mod-
ern grid-connected converters are no longer re-
quired only to inject active power: they must
also guarantee current quality, support reactive-
power regulation, and remain controllable dur-
ing disturbances such as voltage unbalance.
In this context, modular multilevel convert-
ers (MMCs) represent an attractive solution
because of their modularity, scalability, and
high-quality voltage synthesis. In photovoltaic
systems, their structure is especially promis-
ing because it allows the integration of energy
sources directly at submodule level, support-
ing distributed maximum power point tracking
(DMPPT). However, the same architecture in-
troduces additional internal dynamics and the
need for a more complex control strategy.
This thesis investigates the operation and con-

trol of a three-phase double-star chopper-cell
MMC for photovoltaic applications under unbal-
anced grid conditions and non-uniform internal
available power. The main goal is to design a
control strategy capable of satisfying grid-side
power objectives while at the same time redis-
tributing power inside the converter so that the
available arm powers imposed by DMPPT can
be respected.

2. MMC-PV architecture and
control problem

The considered system is a three-phase double-
star chopper-cell MMC (Fig. 1) in which each
phase-leg is composed of an upper and a lower
arm, and each arm contains a series connection
of half-bridge submodules interfaced with dis-
tributed PV sources.
For each phase-leg j ∈ {a, b, c}, the arm currents
satisfy

iup,j = icirc,j +
iph,j
2

, ilow,j = icirc,j −
iph,j
2

,

(1)
where iph,j is the phase current injected into
the grid and icirc,j is the circulating current in-
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side the corresponding leg. Equation (1) high-
lights the key control insight of the thesis: the
phase current is mainly responsible for the ex-
ternal power exchange, whereas the circulating
current is the internal degree of freedom used to
redistribute energy without directly modifying
the terminal current.
Accordingly, the proposed strategy regulates the
phase currents iph,j , the AC circulating-current
components iaccirc,j , and the DC circulating-
current components idccirc,j so as to satisfy
both grid-side requirements and internal power-
availability constraints. These quantities are ul-
timately controlled through suitable arm-level
voltage references.
The AC circulating-voltage reference vac∗circ,j , the
DC circulating-voltage reference vdc∗circ,j and the
phase-voltage reference v∗ph,j generated by the
controllers are then combined into the final
upper- and lower-arm voltage references as fol-
lows:

v∗up,j = −v∗ph,j +
1

2

(
V ∗
dc − vdc∗circ,j − vac∗circ,j

)
, (2)

v∗low,j = v∗ph,j +
1

2

(
V ∗
dc − vdc∗circ,j − vac∗circ,j

)
. (3)

3. Hierarchical control strategy
The proposed control architecture is structured
in three coordinated layers based on PI con-
trollers plus a final arm-voltage synthesis stage.
The first layer is a dual-sequence grid controller.
The second layer is an AC circulating-current
controller devoted to vertical power transfers.
The third layer is a DC circulating-current con-
troller devoted to horizontal power transfers.
The final stage combines the three voltage con-
tributions and the DC-link voltage reference V ∗

dc

given by the DMPPT controller into upper- and
lower-arm voltage references for the modulation
and balancing layers.

3.1. Dual-sequence grid controller
The grid controller is responsible for regulating
the power exchanged with the AC grid under
both balanced and unbalanced operating condi-
tions by acting on the positive- and negative-
sequence injected currents. Under unbalanced
grid voltage, positive- and negative-sequence

components coexist and generate an oscillatory
power term at twice the grid frequency. There-
fore, the control problem is not simply to track
active and reactive power references P ∗ and
Q∗, but to decide how the oscillatory contribu-
tion is distributed among active and imaginary
power. Specifically, the active-power reference
is dictated by the PV-side available upper and
lower arm powers P ∗

up,j and P ∗
low,j given by the

DMPPT controller, such that

P ∗ =
∑

j∈{a,b,c}

P ∗
up,j +

∑
j∈{a,b,c}

P ∗
low,j . (4)

The grid controller is designed in dual syn-
chronous reference frames so that positive- and
negative-sequence voltages v±g and currents i±ph
can be processed separately as constant values
in dq components. To this end, a PLL aligned
with the positive-sequence grid voltage provides
the angular reference for the +ω frame, while
an auxiliary frame aligned with the negative-
sequence grid voltage is secondly introduced.
The key analytical formulation governing the
grid controller is the unified expression of the
phase current references. Once the synchronous
frames are aligned so that v+g,q = v−g,q = 0, the
current references take the compact form

i+∗
ph,d =

2

3

v+g,dP
∗

(v+g,d)
2 +K(v−g,d)

2
,

i+∗
ph,q = −2

3

v+g,dQ
∗

(v+g,d)
2 −K(v−g,d)

2
,

i−∗
ph,d =

2K

3

v−g,dP
∗

(v+g,d)
2 +K(v−g,d)

2
,

i−∗
ph,q =

2K

3

v−g,dQ
∗

(v+g,d)
2 −K(v−g,d)

2
.

(5)

If K = −1, the controller suppresses the oscilla-
tory term in active power. If K = +1, it sup-
presses the oscillatory term in imaginary power.
If K = 0, the negative-sequence current is forced
to zero and the converter injects balanced out-
put currents even though both active and imag-
inary powers retain a 2ω oscillation.
A further relevant point addressed in the the-
sis concerns the difference between the imagi-
nary power Q = Q+ − Q− emerging from the
adopted space-vector convention and the total
reactive power QT = Q+ +Q−. When K = ±1,
the injected negative-sequence current causes Q
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Figure 1: Converter topology for PV application: a) MMC three-phase; b) Equivalent circuit of the
MMC.
Source: S. Barcellona, M. Barresi and L. Piegari, “MMC-Based PV Three-Phase System With Distributed MPPT,”
IEEE Transactions on Energy Conversion, vol. 37, no. 3, pp. 1567–1578, Sept. 2022. © 2022 IEEE

and QT to differ. For this reason, the thesis
derives a formulation that converts the desired
total reactive-power reference Q∗

T into the con-
troller input Q∗, such that

Q∗ = Q∗
T

1−Kv

1 +Kv
, Kv ≜ K

v−g,d
2

v+g,d
2 (6)

Finally, an inner dual-sequence PI current regu-
lator generates the converter-side phase-voltage
reference v∗ph.

3.2. AC circulating-current controller
The AC circulating-current controller is the con-
trol layer that manages the vertical mismatch,
namely the mismatch between P ∗

up,j and P ∗
low,j

within the same phase-leg j. Its purpose is to
transfer active power between upper and lower
arms so that each arm can operate at the avail-
able power level imposed by its local DMPPT
condition. An indicator of vertical mismatch is
defined as

P ∗
diff,j = P ∗

up,j − P ∗
low,j . (7)

Instead of using a three-phase vector formula-
tion, the thesis adopts three independent single-
phase controllers, one for each leg. To construct
the required single-phase synchronous frame, the
phase-voltage reference v∗ph,j is processed by a
single-phase PLL for each phase j.

The circulating current of the j-th leg is first de-
composed into DC and AC parts. The DC com-
ponent idccirc,j is extracted by a moving average
over one grid period Tg, while the fundamental
AC component iaccirc,j is isolated by a band-pass
filter centered at fundamental angular frequency
ω. Through the Hilbert transform, an orthogo-
nal signal is generated for v∗ph,j and iaccirc,j to per-
form the Park transformation and express them
in a dq frame aligned with the j-th phase volt-
age. In steady state, the differential active power
can then be approximated by

P ∗
diff,j

2
≈ 1

2
icirc,d,j v

∗
ph,d,j , (8)

which leads to the direct-axis circulating-current
reference

i∗circ,d,j =
P ∗
diff,j

v∗ph,d,j
, i∗circ,q,j = 0. (9)

Only the in-phase component of the circulat-
ing current is required for differential active-
power transfer, while the quadrature component
is forced to zero to avoid internal reactive circu-
lation and additional losses.
The tracking of these references is performed
by three PI regulators that generate the AC
circulating-voltage command vac∗circ,j .
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3.3. DC circulating-current con-
troller and final coordination

The DC circulating-current controller compen-
sates the horizontal mismatch among phase-legs.
An indicator of horizontal mismatch is defined
as

∆P ∗
ab = (P ∗

up,a + P ∗
low,a)− (P ∗

up,b + P ∗
low,b).

(10)
The same method can be used to find the indi-
cators ∆P ∗

ac and ∆P ∗
bc. This controller is needed

not only when the available powers of the legs
differ because of non-uniform irradiance, but
also when the unbalanced grid causes the grid
controller itself to impose a non-uniform phase-
wise active-power split.
The thesis first derives the injected phase powers
P inj
a , P inj

b , and P inj
c from the selected grid oper-

ating mode, the positive- and negative-sequence
voltages, and the power references P ∗ and Q∗.
From these quantities, the injected unbalance
indicators ∆P inj

ab , ∆P inj
ac and ∆P inj

bc are defined
following the method showed in (10). The con-
trol objective is then to reconcile this injected
power split with the available power split dic-
tated by the PV sources. The required differen-
tial DC current references are obtained convert-
ing the mismatch between the injected active-
power split and the available active-power split
into DC circulating-current references as

I∗(a−b) =
∆P inj

ab −∆P ∗
ab

V ∗
dc

,

I∗(a−c) =
∆P inj

ac −∆P ∗
ac

V ∗
dc

.

(11)

(12)

It is worth noting that only two circulating-
current references are needed due to the inherent
constraint

∑
j∈{a,b,c} icirc,j = 0. After extracting

idccirc,j , two PI regulators produce the differen-
tial DC circulating-voltage commands, that are
finally mapped into the leg-wise voltage refer-
ences vdc∗circ,j .

4. Simulation setup and consid-
ered scenarios

The proposed strategy is validated in time-
domain simulation. Table 1 reports the key elec-
trical parameters used in the simulations.

Table 1: Electrical parameters used in the time-
domain simulations.

Parameter Value
Grid fundamental frequency fg 50 Hz
Positive-sequence grid voltage magnitude V +

g 326.6 V
Positive-sequence phase displacement ϕ+ 0 ◦

Negative-sequence grid voltage magnitude V −
g 65.3 V

Voltage unbalance ratio
(
V −
g /V +

g

)
20 %

Negative-sequence phase displacement ϕ− 30 ◦

DC-link voltage reference V ∗
dc 783.8 V

Output resistance Rg 140 mΩ
Output inductance Lg 3.9 mH
Arm resistance Rarm 5 mΩ
Arm inductance Larm 1 mH
Mutual arm inductance Marm 0 mH
DC-bus capacitance Cdc 5 mF
Total Imaginary Power Reference Q∗

T 1 kvar

Two scenarios are considered. The first one iso-
lates the effect of the grid-voltage unbalance by
imposing identical available powers in all six
arms. The second one is the most general op-
erating condition investigated in the thesis, be-
cause it combines negative-sequence grid volt-
age with both vertical and horizontal power mis-
match. The corresponding power references are
summarised in Table 2.

Table 2: Simulation scenarios considered in the
time-domain analysis.

Case 1 Case 2

P ∗
up,a 1000 W 1000 W

P ∗
up,b 1000 W 600 W

P ∗
up,c 1000 W 1600 W

P ∗
low,a 1000 W 1000 W

P ∗
low,b 1000 W 1200 W

P ∗
low,c 1000 W 700 W

P ∗ 6000 W 6100 W

5. Results and discussion
5.1. Case 1: unbalanced grid with

uniform available powers
Case 1 is intended to validate the dual-sequence
grid controller in the absence of internal power
mismatch. Since all arms are assigned the same
available power, the AC circulating-current con-
troller is not expected to produce any significant
balancing action, whereas the DC circulating-
current controller may still remain active be-
cause an unbalanced grid generally leads to a
non-uniform phase-wise injected power split.
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The results fully confirm the analytical behav-
ior predicted by the selector K. For K = −1,
the active-power oscillation is almost completely
cancelled and the measured peak-to-peak ripple
reduces to ∆Ppp = 4.95 W, while the oscillatory
content is transferred to the imaginary-power
channel, with ∆Qpp = 5068.65 var. For K =
0, the converter injects balanced currents and
both power channels show a 2ω oscillation, with
∆Ppp = 2433.48 W and ∆Qpp = 2432.96 var.
For K = +1, the opposite behavior is obtained:
the imaginary-power ripple is nearly cancelled,
∆Qpp = 4.00 var, while the active-power ripple
becomes dominant, ∆Ppp = 4679.12 W.
Despite these different oscillatory behaviors, all
three operating modes preserve accurate track-
ing of the average commands, with the average
power values over two periods Tg at steady state
being P ≈ 6000.5 W and QT ≈ 1000.0 var.
The current-level results are equally meaningful.
The balanced-current mode K = 0 keeps the
three phase currents almost equal, whereas K =
±1 intentionally introduce a negative-sequence
current component. Moreover, the three-phase
equivalent RMS phase current irms

ph,3ϕ shows that
K = +1 yields the lowest grid-side RMS current,
while K = −1 gives the highest one, leading to
higher losses.
From the viewpoint of internal variables, the AC
circulating-current RMS values remain practi-
cally zero in all legs, coherently with the null ver-
tical mismatch references. The DC circulating-
current controller, however, still generates non-
zero steady-state offsets. This is due to the fact
that, even without PV-side mismatch, the un-
balanced grid operating point requires a leg-wise
redistribution so that the phase-dependent in-
jected power split can be achieved without vio-
lating the arm-level power requirements.

5.2. Case 2: unbalanced grid with
arm and leg mismatch

Case 2 is the most representative operating con-
dition of the thesis because both internal and ex-
ternal asymmetries are present simultaneously.
The arm-level power references are not uniform,
so the converter must enforce the vertical mis-
match in legs b and c while also compensating
the horizontal mismatch among the three legs.
The grid-side results show that, for K = −1, the
active-power ripple remains nearly suppressed,

with ∆Ppp = 4.95 W, while the imaginary-power
ripple rises to ∆Qpp = 5151.10 var. For K = 0,
both quantities oscillate with comparable ampli-
tude, ∆Ppp = 2473.05 W and ∆Qpp = 2472.53
var. For K = +1, the imaginary-power ripple
is again minimized, ∆Qpp = 4.00 var, and the
active-power ripple becomes dominant, ∆Ppp =
4755.22 W. In all modes, the average quantities
remain accurately regulated around P ≈ 6100.5
W and QT ≈ 1000.0 var.
The current behavior is again consistent with the
theory. The balanced-current mode K = 0 keeps
the phase currents almost equal, while K =
±1 inject a controlled negative-sequence current
and therefore produce phase-current asymmetry.
The three-phase equivalent RMS phase current
irms
ph,3ϕ confirms the same behavior observed in

Case 1, showing that K = +1 yields the lowest
grid-side RMS current, while K = −1 gives the
highest one, leading to higher losses.
The most important results, however, concern
the internal power-routing actions. Because
P ∗
diff,a = 0, the AC circulating-current com-

ponent in leg a stays negligible for all modes.
In contrast, legs b and c develop substan-
tial AC circulating-current RMS values, namely
iac,rms
circ,b ≈ 1.27A and iac,rms

circ,c ≈ 2.28A, exactly as
expected from the non-zero vertical mismatch
references P ∗

diff,b = −600 W and P ∗
diff,c = 900 W.

This confirms that the AC controller acts selec-
tively where differential arm-to-arm transfer is
required.
The DC circulating-current components are also
more pronounced than in Case 1. Their steady-
state values vary with K because the grid con-
troller changes the phase-wise injected active-
power split depending on the selected operating
mode.
A particularly important outcome of the simula-
tions is that the average arm powers converge to
their individual references in all three K-modes.
The tracking errors remain small compared with
the commanded values: the largest deviation is
below 12 W, which is less than about 1.2% of
the corresponding arm power. Therefore, the
controller does not merely regulate the total
power at converter terminals, it also enforces the
DMPPT-driven internal power distribution with
good accuracy.
Tables 3–6 condense the most relevant results.

5



Executive summary Gabriele Liscacci

Table 3: Key grid-side steady-state metrics ex-
tracted from the simulations.

Measured quantity K Case 1 Case 2

P [W]
−1 6000.51 6100.52
0 6000.51 6100.52
+1 6000.50 6100.51

QT [var]
−1 1000.02 1000.02
0 1000.03 1000.02
+1 1000.03 1000.03

∆Ppp [W]
−1 4.95 4.95
0 2433.48 2473.05
+1 4679.12 4755.22

∆Qpp [var]
−1 5068.65 5151.10
0 2432.96 2472.53
+1 4.00 4.00

irms
ph,3ϕ [A]

−1 9.327 9.479
0 8.780 8.923
+1 8.610 8.750

Table 4: Measured arm active powers.

Case 1 Case 2

K −1 0 +1 −1 0 +1

Pup [W]
a
b
c

1000
1000
1000

1000
1000
1000

1000
1000
1000

1000
600

1600

1000
600

1600

1000
600

1600

Plow [W]
a
b
c

1000
1000
1000

1000
1000
1000

1000
1000
1000

1000
1200
700

1000
1200
700

1000
1200
700

Table 5: Steady-state RMS values of iaccirc [A].

Case Phase K = −1 K = 0 K = +1

1
a
b
c

7.9399e-05
1.5841e-04
7.9032e-05

3.2923e-04
7.0932e-05
4.0002e-04

6.4683e-04
8.4332e-06
6.4800e-04

2
a
b
c

8.7112e-05
1.28109
2.25352

3.3757e-04
1.26755
2.28045

6.5894e-04
1.25529
2.30569

Table 6: Steady-state values of idccirc [A].

Case Phase K = −1 K = 0 K = +1

1
a
b
c

-0.088593
0.177192

-0.088599

0.399425
0.085041

-0.484466

0.849902
-2.124e-05
-0.849881

2
a
b
c

-0.0460668
0.474873

-0.428806

0.449316
0.382722

-0.832038

0.906593
0.297659

-1.204250

6. Conclusions
This thesis developed and validated a hierarchi-
cal control strategy for an MMC-based three-
phase PV system with distributed energy re-
sources integrated at submodule level under un-
balanced grid conditions.
The first main contribution of this work is the
formulation of a dual-sequence grid controller
with three operating modes, parameterized by
K ∈ {−1, 0, 1}, enabling a trade-off among
active-power ripple suppression, balanced out-
put currents, and imaginary-power ripple sup-
pression. The second contribution is the for-
mulation of two internal balancing functions
based on circulating currents: a per-phase AC
circulating-current controller for vertical arm
balancing and a DC circulating-current con-
troller for horizontal leg balancing.
The simulation results demonstrate that the pro-
posed architecture achieves the intended ob-
jectives. In the absence of internal power
mismatch, it reproduces exactly the expected
selector-dependent trade-off under voltage un-
balance. In the presence of both arm and leg
mismatch, it maintains correct grid-side power
regulation while generating the AC and DC
circulating-current components required to en-
force the prescribed internal power distribution.
Finally, the arm powers converge to their respec-
tive available-power references, thereby confirm-
ing the correct operation of the proposed control
law.
Overall, the thesis demonstrates that the pro-
posed control architecture is a viable solution for
MMC-based PV systems operating under unbal-
anced grid conditions and internal power mis-
match.
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