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On Comprehensive Description and Analysis of
MMC Control Design: Simulation and Experimental
Study

Haibo Zhang, Mohamed Moez Belhaouane, Frédéric Colas, Riad Kadri, Frangois Gruson and Xavier Guillaud,
Member, IEEE

Abstract—This paper presents an evolution of control systems
of Modular Multilevel Converters (MMCs) focusing on the
internal voltages and currents dynamics. MMCs have passive
components inside the converter that create extra dynamics
compared to conventional VSCs. Some control schemes that do
not consider these internal dynamics may still stabilize the system
asymptotically thanks to the linearisation in the modulation step.
However these control schemes are less robust because they are
prone to poor damped oscillations on the dc side of the converter.
The MMC circuit and energy relationships are presented in this
paper. Along with a gradual development of the energy based
control, the important roles of each internal dynamics are clearly
demonstrated. Experimental results are presented to show the
impacts of the linearisation in the modulation step on the system
behaviour.

Index Terms—Modular Multilevel Converter (MMC), Energy
Based Control, Modulation Methods.

I. INTRODUCTION

Modular Multilevel Converter (MMC) has been introduced
in [1] and first used for HVDC power conversion in the Trans
Bay Cable project in 2010 [2]. Its modular design brings
several advantages such as lower switching losses, lower
harmonic contents in the output ac voltage and smaller station
footprint. These advantages make it potential for applications
of wide voltage range.

A variety of studies have covered the design, modelling,
operation and control of MMCs. This converter exhibits clear
differences compared to conventional VSCs mainly because of
the presence of passive components inside converters, i.e., the
capacitor in each submodule (SM) and the inductance in each
arm. This means that MMCs possess additional internal dy-
namics, namely the SM capacitor voltages and the differential
currents.

Early analysis and controls of the MMC are based on
the Direct Modulation [3], where the internal dynamics are
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not controlled. It had been a long time that the stability
of the internal dynamics was not examined, until a conver-
gence analysis was shown in [4] and a more rigorous proof
by Lyapunov’s stability criteria was provided in [5]. It is
demonstrated that the system is asymptotically stable. The
modulation stage does not compensate the voltage ripples due
to charging and discharging of the arm capacitor, therefore
resulting in insertion index errors. These errors force the arm
capacitor voltages to converge to the dc link voltage. An
issue of such control is the appearance of large second-order
harmonics in the differential currents that increase the RMS
value of the internal currents and therefore the power losses.
Attempts to suppress the oscillations includes using resonant
controllers [6], and more commonly, applying a Circulating
Current Suppression Controller (CCSC) to inject harmonics
into the differential current [7]. However, recent studies have
reported that MMCs controlled with CCSC are prone to poorly
damped oscillations or even instability [8], [9]. Participation
factor analysis in [10] has identified that these oscillations
originate from the uncontrolled dc link current and the MMC
stored energy.

Therefore, it is required to control the MMC internal
dynamics. Dealing with the stored energy in the MMC, these
controls are often called energy based control. The first work
of such kind of control is introduced in [11]. It proposes that
one controller regulate the sum of the upper and lower arms
energy, and one controller regulate the difference between
them. There is no differential current control loop in its control
scheme. Energy balancing with all state variables regulated
are developed in [12], [13] using cascaded controllers. Two
independent currents, the differential current and the grid
current are considered as inner loops. A similar cascaded con-
trol principle while using the decoupled double synchronous
reference frame (DDSRF) is developed in [14]. Variables are
separately controlled according to their sequence and harmonic
order. In energy based control, the differential currents play an
important role in power transfer between dc and ac sides and
energy balancing between upper and lower arms. An in-depth
description of these internal dynamics is given in this paper.

Although the modulation is commonly linearised with a
constant voltage, MMCs can also be modulated with measured
arm capacitor voltages containing ripples. In this paper, im-
pacts of linearisation at the modulation stage are demonstrated
in the simulation and experimental tests. Based on these
results, the authors suggest that the modulation method be
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Fig. 1. Grid connected MMC circuit diagram

chosen before developing the MMC control system.

In this paper, rigorous relationships of the MMC circuit and
energy dynamics are established in Section II. Differences of
two modulation methods, compensating or not compensating
the arm capacitor voltage ripples, are shown in Section III.
Based on Section II and III, Section IV gives a progres-
sive development of the energy based control. The role of
each dynamics are demonstrated in the simulation results.
Experimental tests using a scaled-down grid-connected MMC
prototype are performed in Section V.

II. MMC VARIABLES AND MODELLING

The circuit representation of the MMC is shown in Fig. 1.
There is one leg for each phase a, b, ¢ and each consists of an
upper and a lower arm. The arm includes N series connected
SMs, an arm inductor L, (with internal resistance R..,,,)
offers dc fault current limitation. An SM with half-bridge
topology is depicted in Fig. 1(a). Neglecting the voltage drop
on the inductor and resistor, at every time instant, the arm
voltage v,;; equals to the sum of all inserted SMs voltages. If
it is assumed that all the SM capacitors voltages are maintained
in a close range, the entire SM string can be replaced by
an equivalent one C},;, leading to the Arm Averaged Model
(AAM) shown in Fig. 1(b). Ly and Ry are the transformer’s
impedance.

A. AAM circuit relationship

In the averaged arm circuit, m is a continuous insertion
index. The equivalent capacitor voltage vco: and current oot
in each arm has the following relationship:

Vuly = muljUCtotulj Z‘Ctotulj = muljiulj (1)

detotulj

T 2)

iCtoty; = Chot

Subscript j denotes each phase a, b, c. Subscripts u and [
represent upper and lower arms, respectively. We can obtain
the following circuit relationships by applying the Kirchhoff’s
voltage law on each phase of the MMC:

Vde dlu . dlg ;

7 = Uyj + Larmditj + Rarmzuj + Lfditj + RngJ + 12931)
Vde diy; ‘ dig, :

— =5+ Larmﬁ + Rormiy — Lfﬁ — Ryig, — ”924)

where v, is the voltage at Point of Common Coupling (PCC)
and ¢, is the grid current. The addition of (3) and (4) yields
the dc part of the AAM:

% — Vdiff; = Larm% + Rarmidiffj @)
where the differential voltage vg; ¢ is an internal voltage that
drives the differential current 44;7s. They are defined as:

A Uuj + 015

a fuj + i
Vdiff; = 5 —

s Adiff; = D) (6)

In the same fashion, the subtraction of (3) and (4) yields an

ac part of the AAM:

— v, =L %—kRi. 7
9; e g eqlg;

where Lo, = Ly + Larm/2, and the voltage v, is an internal

voltage that drives the grid current i,. They are defined as:

U'Uj

VI — Vg
A J uj Lo . .
i 2 3 Zgj = tuj — Uj (8)

B. Energy relationship

A model linking the average level of the stored energy on
a grid period and the currents is proposed. It will be used to
design the control structures.

The energy stored in the MMC arms is associated with the
voltage of its equivalent arm capacitor:

1
Wulj = §Ctot’0%tot )

ulj

Hereinafter, energy sum W?> stands for the sum of energy
stored in the upper and lower arms in one leg; energy differ-
ence W2 stands for the difference between them:

1

Wf = 50,501: (Uétotuj + U?)totu) (10)
1

I/VjA = ECtOt (’U%’totuj - U%‘totzj) (1 ])

The energy sum VVj2 oscillates mainly at twice the grid
frequency negative sequence —2w, [14], and its average value
on a grid period is noted as Wj . Similarly, it is found that the
energy difference WjA oscillates mainly at the grid frequency
wyg, and its average value on a grid period is noted as Wf.

Neglecting the losses in the MMC, the time derivative of
the energy sum and the powers in the dc and ac grids must
have the following relationship at any time instant [15]:

AW
/N Pde; — Pac; (12)

dt
13)

= Vdcldiff; — Pac;
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where pgc, and pg; are the power at the dc and ac parts of
one phase. The differential current can be split into a dc part
and an ac part [13]. During one grid period of a balanced grid,
the variation of the average energy sum is only determined by
the dc component of the differential current:

AW 1

)~ -dc *
7 ~ Udcldgffj — 3Pac (14)

where P, is the total ac power of the three phases, igfffj is the
dc component of the differential current. A further assumption
of P,. ~ P}, is made in this equation.

The time derivative of the energy difference is

A
W

dt

5)

= Vujluj — Vil

= Vdiff;lg; — 2V, ldiff, (16)

In steady state, va;fr, ~ vde/2, the first product at the right
side of (16) has a relatively small effect on the variation of
WjA [11]. In the second product, v, could be approximated
to the ac grid voltage v, because normally L., is relatively
small. Therefore:

t

- cos(wgyt)
2m

Uy, | = \@Vg cos(wgt — ?) (17)
2

Vv, cos(wgyt + %)

It can be noticed that (2 is sinusoidal with fundamental fre-
quency and its average is zero. In order to have a dc component
in the product of two sinusoidal signals, these two signals must
have components of the same frequency. As a result, only the
fundamental frequency component determinates the variation
of WJ-A. The fundamental frequency component of differential
current is denoted as igfffj:

It(ilicffa cos(wgt + ©q)

idifs.
s
iy, | = V2 | Ldigp, cos(wet — == + ) (18)
ac 2
idiff, 1354, cos(wgt + ?ﬁ + ©c)

where Igfffj is the RMS value of the fundamental frequency
component the differential current per phase. ¢; is its phase
angle. Substituting (17) and (18) into (16), we can find the only
non-zero component determining the variation of the energy
difference is

A
J
dt

The phase angle of the fundamental frequency component of
the differential current ; may differ in each phase.

~ =2V I5fs. cos g; (19)

III. MODULATION METHODS
A. Arm voltage reference generation

Whatever kind of control structure is used, a set of voltage
references of vy and vy, #f, Will be generate to meet corre-

sponding control requirements. Then, we can obtain the upper
and lower arm voltage references via (6) and (8):

(20)
21

x ok ok
VUuj = Vdaiff; — Vo,

* % *
Vij = Vaiff; T Oy,

B. Modulation and insertion index generation

The insertion index m is generated by substituting (20) and
(21) into (1):

* *

* Yuj o Y

— My =
UCtot,;

(22)
UCtot,;

where vciot,,; is the actual measurement from the MMC arms.
As indicated in (2), it contains oscillating components due to
the charging and discharging of the finite-value arm capacitor
Ctot. This modulation index calculation method considering
the oscillating components of vcyot,,,; is named as Compen-
sated modulation (CM) method. A linearised alternative which
approximates UCtoty,; tO its dc component vg4., is named as
Uncompensated modulation (UCM).

e _ V.
mUJ B Vdc ' mlj B Vdc
where vy, can be chosen as a fixed value or an actual
measurement of the dc link voltage. The later one is preferred
because the dc component is not constant in cases that the
MMC is not connected to a stiff dc source [15]. Also, the
measured value provides slightly improved stability [16].

The fact of whether to consider the oscillating component in
the insertion index generation results in different behaviours
on ig;sr; and the system asymptotic stability [4]. With the
chosen modulation method, control structures can be derived
to generate the voltage reference vy, ;,  Which satisfies certain
requirements on the dynamics.

A series of the combination of the modulation methods and
the control structures are shown in Fig. 2. To clearly show
the impacts of the modulation methods on the MMC system
behaviour, a progressive increment of the internal dynamics
control structure are shown in the next section.

*
Yij

(23)

IV. CONTROL STRUCTURES

The studied converter is connected to a dc source as shown
in Fig. 2. The ac side is controlled to follow a given power
reference. It has been recalled that the differential current
and the grid current are decoupled in (5) and (7). Therefore,
any grid current control technique can be applied with no
impact on the differential current. In this paper, a classical
grid current control in dq reference frame is used. Apply the
Park’s transformation on (7), the ac currents regulation can be

realised by manipulating v i via two PI controllers PI; , in
the dq frame.
vy, = PIigd(i;d —ig,) + Vg, — WyLeqlg, 24
Vg, = Pliy, (i, —ig,) + Vg, +wWyLegig, (25)

Apply the inverse Park’s transformation, we obtain three
sinusoidal reference signals vy . Then the rest of this section
will focus on the control structures of the dc part of the MMC,
the arm capacitor voltages and the differential currents.
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Fig. 2. Control structures of the MMC

A. UCM and Non Energy Balancing Control (al)

From Fig. 2, by switching the modulation to position a
and send vic/2 to vy, the insertion indices are calculated
with Direct Modulation. 1t is the simplest form of the Un-
compensated Modulation (UCM). The upper and lower arm
voltage references are generated by using two complementary
sinusoidal signals:

* Vdc *
Vuj = 5 T U, (26)
Vdec N
v = ey vy, 27

UCM enables the six arm equivalent capacitor voltages
Voot to converge naturally towards the dc bus voltage vq.
[4]. Although the system is asymptotically stable. the uncon-
trolled differential current contains a great negative second
harmonic circulating component that increases the converter
losses. Thus, the Circulating Current Suppression Controller
(CCSC) is usually adopted to eliminate this circulating current
[17]. This additional control at position 1 in the Fig. 2 is
developed under the double line-frequency, negative-sequence
rotational frame. Fig. 3 shows the simulation result of the
MMC controlled by CCSC. The upper and lower arm capacitor
voltages are around 1 pu (V.). However, the power step at
0.1 s induces a great oscillation on the dc current. Through
participation factor analysis in [10], the appearance of this
poorly damped oscillation is due to the interaction between
the dc bus voltage and the internal stored energy of the MMC.
To avoid that, the dc link current should be controlled. This
is solved by regulating the stored energy per leg in the next
control structure a2.

B. UCM and Horizontal Energy Balancing Control (a2)

Through (13) and (14), the average energy stored in the
MMC legs can be controlled by manipulating the dc com-
ponents of the differential currents. The references of the
differential currents z'gf}fj can be generated as:

1 —Nx =% 1
-de* %
: (Prws (W5 = W;) + 5 Px)

Zdiffj = E (28)

0.2
Time |[s]

0.3 0.4 0.5

Fig. 3. Simulation results of Control Structure al: (a) arm capacitor voltages
UCtot ;s (b) dc current ig..

where Pl = is the PI controller for sum energy regulation.
The averag]e value of the energy sum can be obtained with a
second-order notch filter tuned at 2w, [18]. Since the double
frequency components only circulate inside the MMC legs
[17], the sum of the dc components of the differential currents
makes up the dc current. A cascade PI controller PI is

Ldiffj
<d . . .
used to control ¢ dfffj by manipulating v}, 7

Vg; ff = PLi, s, (igi i idiffj) (29)

Fig. 4 shows the simulation results of Control Structure a2.
At 0.1 s, the ac power reference steps from 1 to 0.8 pu, the
dc current has a much higher damping than that in Control
Structure al. The energy sum in each leg is controlled to
follow its reference at 0.3 s. Both upper and lower voltages
are around 1 pu, which means the energy difference between
the upper and lower legs, though no explicit control applied,
is expected to be 0 due to the convergence of UCM.

However, there is a priority order between the applied total
energy control dynamic and the natural convergence rate of the
UCM. The applied control dynamic must be slower in order
to avoid a dynamic interaction between energy balancing of
two upper and lower arms. The convergence rate can only be
approximately quantified depending on the MMC parameters.
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Fig. 4. Simulation results of Control Structure a2. (a) arm capacitor voltages
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@ L2r + P? steps from 0 to 1 pu

= mm‘ummmmmnmm ) ‘ m

= 0.8-| VCtot,, UCtot, :

) T 0;1 0;2 0;3 0;4 0;5 0-6
0 0:1 0T2 Tir(is . 0:4 0T5 0.6

Fig. 5. Simulation results of the Control Structure a2 with a fast controller
dynamic, arm capacitor voltages vt diverge from V..

ula

For a MMC with parameters shown in Table I, the convergence
rate is of tens of milliseconds. Fig. 5 shows that the arm
capacitor voltages diverge when the applied controller C;,, .
has a high bandwidth. In this figure, the sum of the upper
and lower arm voltages stays at 1 pu, while the difference
between them keeps increasing. This interaction between the
applied total energy dynamic and the natural convergence rate
of the UCM compromises the robustness of this method.

Two solutions can be used to avoid this interaction. First so-
lution is to abandon the natural convergence property of UCM
by switching the modulation selection to CM at position b. The
MMC is now controlled with Control Structure b2 in Fig. 2,
however, only energy sum is guaranteed in this structure. The
second solution is to decouple these two dynamics by adding
an additional control loop for the energy difference. This is
shown in the next control structure.

C. UCM and Vertical Energy Balancing Control (a3)

To avoid the issue of the interference between the energy
sum control and the slow convergence rate of the UCM, the
solution is to eliminate the energy difference with an explicit
control loop. According to (19), the variation of the energy
difference can be influenced by two elements: 1) the rms value
of the fundamental frequency component of differential current
1%, and 2) its phase angles ;.

The selection of ¢; has a large flexibility. As long as
cos; > 0, a PI controller PIW]A can be used for generating

/\
Vetot [Pu] £

—
=
=

iq. [pu]

1F : : i
P>, steps from 1 to: 0.8 pu
08l l/.,\

| W steps from 1 t0'0.95 pu —

0 0.1 0.2 0.3 0.4 0.5

—~
o
-~

U O VI AR Y
mm«mnm; AL

0.3 F

2l

0.2}

Fig. 6. Simulation results of Control Structure a3. (a) arm capacitor voltages
UCtot,;, > (b) dc current i4.; (c) differential current ig; Ffs

the reference of the RMS value of the ac component of the
differential current /777, :

Plyvs (W5 - W7)
I5¢%, = — ? (30)
diff; 2V,

Then, we need to generate the angles for the fundamental fre-
quency components of the differential currents. The simplest
way is to align ¢; with the grid voltage phase angle, which
is direct measurement by the PLL [13]. In this way:

Wiy, = ATL, @D
cos(wyt) 0 0
2
A=+2 0 cos(wgt §7r) 0
2
0 0 cos(wgt + gw)

Fig. 6 shows the simulation results of Control Structure
a3. This control structure enables the MMC to operate with
designed dynamics in both events, ac power reference changes
at 0.1 s and stored energy changes at 0.3 s.

Note that the energy difference PI controller works indepen-
dently in each leg. The generated current sum ) 3% ff may be
non-zero, which causes oscillations on the dc current during
transient as shown in Fig 6(b). An additional transformation K
can be used to force Ezgf}*f to be zero [12] [19]. The trans-
formation modifies the angles generated for the fundamental
frequency components of the differential currents, which also
leads to a different gain in (30). The additional gain effect will
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Fig. 7. Simulation results of the Control Structure a3 with additional matrix
transformation K. Dc current waveform is improved with less oscillation.

be compensated by the PI controller.

-1 -1
1 - -
2 2
-aC* ac* -1 -1
Zdiffj = KAIdiffj? K= 7 1 7 (32)
-1 -1
— = 1
2 2

With the matrix transformation, the dc current is clearly
improved with less oscillation during transient in Fig. 7(b)
compared to Fig. 6(b).

D. CM and Vertical Energy Balancing Control (b3)

In the previous Control Structure a3, dc current is controlled
by establishing a link of stored energy in the MMC with the
dc and ac power. Ac components of the differential currents
are introduced to balance the energy stored in the upper and
lower arms. The ac components are generated in a way that
the sum of them is always zero. However 2w, oscillation on
tqify; in Fig. 7 can still be observed.

The oscillation can be slightly reduced with a high band-
width PI controller. But a better solution is to use CM.
With CM, the oscillation can be naturally eliminated without
interfering the dc current. This leads to Control Structure
b3, which is generally called Energy Based Control in the
literature [13] [15] and [20].

This control structure allows a perfect decoupling between
the internal MMC variables and has a full control of the energy
distribution in the MMC arms. Compared to a3, the dynamics
of the ig4;r7, controllers in b3 are less demanding because no
oscillation naturally appears, as shown in Fig.8.

During the transient, the differential current in Fig. 8 has
a noticeable 50 Hz oscillation. This indeed proves that in the
method b3 the fundamental frequency component in the i4; s,
is used to compensate the energy difference between the upper
and lower arms.

—
Vetot [Pll] £

—
=
=

P;, steps from 1 to: 0.8 pu

=
2
=08t
5
06l W>* steps from 1 to: 0.95 pu HV\ : l
0 0.1 0.2 0.3 0.4 0.5
(c) ! | - - -
. Ldiffa diffb Ldiffe
=
2 03 F 4
| J
0.2+ .50 Hz ; ; 8
0 0.1 0.2 0.3 0.4 0.5

Time [s]

Fig. 8. Simulation results of Control Structure b3. (a) arm capacitor voltages
UCtot,;, > (b) dc current i4.; (c) differential current ig; ffs

E. Conclusion on the control structures

UCM does not consider the oscillating components of
VCtot,;- Lhis creates insertion index generation errors that
in turn bring asymptotic stability to the system. However, it
also generates the —2w, component of the differential current.
Contrariwise, CM enables v,;; to follow exactly its reference
U, By setting (v:;j + vl*j) equivalent to vg., in steady state,
igiff, is constant since vg;fr, in the left part of (5) becomes
zero. Then the —2w, component naturally disappears, the
asymptotic stability of the MMC is lost simultaneously, so
that energy sum and energy difference controls should be
introduced in the control system.

V. EXPERIMENTS ON A SMALL-SCALE TEST BENCH

In this section, the control structures are tested on an
experimental 21-level MMC prototype shown in Fig. 9(a). This
prototype is connected to a 200 V, 50 Hz ac grid generated
by a power amplifier, and a 400 V dc link generated by a
dc source. Its maximum active power is £5 kW. The detail
parameters are provided in Table 1.

A. MMC prototype description

The MMC prototype is a scaled-down mock-up of the MMC
used in the INELFE project [21]. For reliable studies of the
ac/dc power interactions, the passive elements are sized by
using the per-unit approach as follows:

1) The SM capacitors of the prototype is designed to pre-
serve the same electrostatic constant of 40 ms as in
practical projects.

2) Usually the MMC arm inductors are designed to limit
the current boost during critical faults. In the prototype,
however, this value is doubled in order to limit the output
current ripples due to the reduction of SM levels. Because
the energy stored in the inductors are negligible compared
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Fig. 9. (a) Front and rear views of the experimental MMC prototype (b) Arm level control (c) System level control

TABLE I
MMC PROTOTYPE PARAMETERS
Nominal Power Ppom 5 kW Arm inductance Lgyrm 10 mH
Dc bus voltage V. 400 V Arm resistance Rgrm 0.16 Q
Ac line voltage Ug. 200 V | Transformer inductance L 5 mH
Number of SM Ny, 20 Transformer resistance Ry 0.1 Q
SM capacitance C'sp, 8 mF

to that in the SM capacitors, this choice of inductance
value is justified.

The components of one submodule is shown in Fig. 10.
Following the defined electrostatic inertia, the submodule
capacitance is 8 mF. This is realized by parallel connection
of eight capacitors of 1 mF. Some additional capacitors are
added on the board to emulate an unbalance between the
submodules and the arms. The MOSFET PSMN3R8-100BS
allows a maximum voltage of 100 V, maximum current of
120 A and conduction resistance of 3.9 mf). Two gate drives
are ACPL-332J with optical isolation between the power and
control parts. An optically isolated voltage sensor ACPL-C87B
is used for the measurement of submodule capacitor voltages.

The submodule board has no on-board controller. It is
designed as a male card to be mounted on to its motherboard to
receive external power supply and signals. The edge connector
provides the gating signals to the gate drivers. In return, the
measured capacitor voltage is transmitted through this connec-
tor to the motherboard. One motherboard accommodates 20
submodules. The assembly of one arm is shown in Fig. 11. For
the sake of easy assembly and maintenance, the control system
is installed in another board, called “’slave control board”.

The prototype is used for multi-research proposes so that
its control architecture is accessible, reprogrammable and effi-
cient. A distributed control system is proposed as shown in Fig.

\oltage sensor
(ACPL-C87B)

Capacitors
(8BmF 63V)
MOSFET
(120A 100V)
Capacitors
(1.5mF 63V) =
and resistors Gate driver

(ACPL-332))

Power and signal connecter

Fig. 10. Submodule board elements

Fig. 11. Arm valve elements assembly

9(a). The control system contains 7 DSPs TMS320F28377D,
featuring a ‘“Master-Slave” configuration.

Six Slave DSPs for arm level control are distributed on the
six arms and placed in the slave control board. The main tasks
of the low level control is 1) to active a number of SMs to
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TABLE II
RESPONDING TIME OF MMC PROTOTYPE CONTROLLERS

Energy sum Pl = 50 ms Differential current PI; ;, i 5 ms
i 7
Energy difference PIWJ_A 100 ms Grid current PIigdq 1 ms
CCSC PI_ % 10 ms
diffj

form the required arm reference voltage level, and 2) to keep
the SM capacitor voltages staying in an acceptable range. The
low level control adopts the algorithm introduced in [17].

This mechanism requires the SM capacitor voltages and the
current direction. As mentioned in the submodule design part,
the voltages are measured from the submodule board, collected
in the motherboard and then passed to the Slave control board.
The current direction is obtained by the current sensor in
the Slave board as shown in Fig. 9(b). In general, the Slave
DSP receives the arm voltage reference from the Master DSP,
decides to switch off/on the specific overcharged/undercharged
submodule depending the arm current direction. The sampling
frequency of the low level control is 50 kHz.

One Master DSP is responsible for the system level control
of the MMC. It can be easily programmed to run either control
ctructures presented in Section IV. As shown in Fig. 9(c), the
Master DSP deals with three kinds of signals:

1) analogue signals of current and voltage measurement

from the main circuit;
2) digital signals of MMC arm equivalent capacitor voltage
from the Slave DSP
3) digital signals of the MMC operating point reference and
commands from the user.
In this manner, the Master DSP calculates the reference arm
voltages and send them to the Slave DSPs via fibre optic
cables. The sampling frequency of the system level control
is 12.5 kHz.

To start/stop smoothly the prototype and for the sake of
protection, buffer resistors, contactors and circuit breakers are
inserted in the MMC prototype main circuit, as shown in Fig.
9(a). The command signals for the contactors are also sent by
the Master DSP.

B. Experiment 1: active power reference variation in control
structures al, a3 and b3

The first experiment shows the dc current evolution with a
power reference P;. steps from O to 2.5 kW. Three Control
Structures al, a3 and b3 are tested. Control parameters are
listed in Table II and test results are shown in Fig. 12.

Control Structure al does not deal with the dc component
of the differential current, so that the dc link current is poorly
damped. As mentioned in Part IV-A, this can be solved by
regulating the stored energy in the legs. Control Structures
a3 and b3 lead to much better dc current response with less
overshoot and higher damping effect. The results of a3 and
b3 are highly coherent, with negligible difference caused by
the down-scaling effect since that only 20 SM per arm are

15k ]
=
;5 10 f
g
) 5 -
£ al — CCSC
S 0 a3 — VEBC UCM |-
5 b3 — VEBC CM
5t ]
0.05 0.1 0.15 0.2 0.25
Time [s]

Fig. 12. Experimental results: 74, with P}, increases from 0 to 0.5 pu.
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0.1 0.15 0.2 0.25 0.3
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% 2r [
100 Hz oscillation :
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0.1 0.15 0.2 0.25 0.3
Time 3]

Fig. 13. Experimental results : 100 Hz oscillation of the differential current
is eliminated with CM.

used. This confirms that the modulation methods do not have
impact on the dc component of the differential currents. Its
impact on the —2w, component of the differential current is
confirmed in the next experiment.

C. Experiment 2: comparison of modulation methods with
control structures a3 and b3

This second experiment is proposed to verify the impact
of CM and UCM on the —2w, oscillation of the differential
current. As stated in Section IV, UCM gives rise to 100 Hz
oscillations that naturally disappears in CM.

Both Control Structures a3 and b3 are implemented in the
Master DSP with the controllers using the same parameters
listed in Table II. The MMC is initially controlled with a3 and
operates at 2.5 kW. The control system is switched to b3 at 0.2
s. As shown in Fig. 13, the 100 Hz oscillation is eliminated
after the CM is applied. It is noticed that this transition does
not influence the dc current, because ac components of the
differential currents only circulate internally in the converter.
Their sum is always kept to zero, thus no dc component is
superimposed to the dc current. This reconfirm the results
obtained in the first experiment.

D. Experiment 3: energy reference variation in control struc-
ture b3

The last experiment is to show the dc current variation
following an energy reference decrease in Control Structure

b3. At 0.82 s, the average energy sum reference WJZ* steps
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Fig. 14. Transient waveforms when sz* steps from 1.0 pu to 0.95 pu at
0.82 s: (a) ¢4, sags then recovers (b) vctor decreases from 400 V to 390 V.

from 1 pu to 0.95 pu. This step induces a transient on the
dc current as shown in Fig. 14. The result corresponds to the
simulation result shown in Fig. 8(a). Because the system is
decoupled, the ac side currents are not impacted by the step
of energy sum reference. Fig. 14(b) shows the evolution of the
equivalent arm capacitor voltages after the step of the energy
sum reference. The voltages drop from an average value of
400 V to 390 V, corresponding to 0.05 pu reduction of the
energy sum.

VI. CONCLUSION

This paper gives a comprehensive description of the MMC’s
control structures. A Non-Energy Based Control, such as
CCSCdq, depends on the UCM to guarantee its stability. The
system is usually poorly damped. UCM also give rise to the
appearance of —2w, oscillations on the differential current.
With the physical meaning of each system variable explained,
a full Energy based control is progressively introduced. The
system can be controlled with desired dynamics and the —2w,
oscillation on the differential current no longer exists.

The performance of the Full Energy Based Control and
the difference between UCM and CM are verified experi-
mentally. The experiments are carried out on a small-scale
grid connected 21-level MMC prototype. The obtained results
confirmed the behaviour issued from simulations Tests of these
control structures under unbalanced grid condition will be
carried out in the future.
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