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Abstract—In this paper, previously developed stability results
for open-loop sum-capacitor-voltage control of modular multilevel
converters are extended. To give improved damping, circulating-
current feedback is included in the control law. With the output-
current control loop and a first-order measurement lag taken into
account, global asymptotic stability is proven. Careful considera-
tion of the on-line sum-capacitor-voltage reference computation is
given, since this is the most critical part of the control system.

Index Terms—Converters, current control, Lyapunov methods,
multilevel systems.

NOMENCLATURE

The upper and lower arms of the converter, cf. Fig. 1(b),
are denoted with the subscripts “u” and “I,” respectively. An
expression which is valid for either of the arms is denoted with
the subscript “u, [.” The subscript “m” denotes measured value

(via a lag).

M Number of phases.

N Number of submodules per arm.

C Submodule capacitance.

L Arm inductance.

R Parasitic arm resistance.

Vg DC-bus voltage.

i DC-bus current.

v;u ;» t=1,..., N Individual capacitor voltages.
vE = Z):l viu’ ; Sum capacitor voltages.

n., Insertion indices.

Veu,l = nu‘gvczu_ ; Inserted voltages.

(o Arm currents.

g = 1, — %; Output current.

i = (iy + 1;)/2 Circulating current.

Vg = (Ve; — Vey ) /2 Output voltage (driving iy).
Ve = (vg — Vey — ver)/2 Internal voltage (driving i..).
Vg Grid voltage.

wy Fundamental angular frequency.

* Reference value.

~ Error value.
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Fig. 1. (a) Submodule and (b) circuit diagram of a modular multilevel con-
verter (MMC); (c) control-system block diagram with references to equations.

1. INTRODUCTION

MCs (also known as M2Cs or M2LCs) [3]-[10] have

many attractive properties, notably low-harmonic con-
tent of the output voltage, high efficiency, and scalability in
terms of voltage levels [11], [12]. The MMC consists of /V iden-
tical series-connected submodules (also called cells) per arm, cf.
Fig. 1. The controllable semiconductor device in each switch S;
and S, in Fig. 1(a) may be an insulated-gate bipolar transistor.
The MMC is well suited for high-voltage high-power applica-
tions, such as high-voltage dc transmission [11]-[13] (where NV
may be as high as several hundred), high-power motor drives
[14]-[17], and electric railway supplies [18], [19]. The basic
operation was described thoroughly in [3]-[10], and [20]. De-
scriptions of the internal dynamics were presented in [21]-[23],
and control schemes were proposed in [21], [23]-[26], and [27].
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The so-called open-loop control principle of the MMC was
introduced in [24]. The benefits of this scheme are that the
capacitor-voltage measurement is not needed for the higher level
control (only for capacitor-voltage balancing), that an asymp-
totically stable system is obtained without the addition of ex-
plicit sum-capacitor-voltage control loops, and that a second-
order harmonic in the circulating current is avoided (or at
least is significantly reduced). Local asymptotic stability was
shown by means of small-signal analysis under some simplify-
ing assumptions in [27]. Global asymptotic stability was shown
through Lyapunov theory in [28], thus strengthening the stability
properties.

Circulating-current control may greatly improve the damping
of the system [27]. Unfortunately, the proof of global stability
in [28] did not consider circulating-current control. In addition,
only the internal dynamics, i.e., the system comprising the sum
capacitor voltages and the circulating current, was taken into
account; the output current was considered static. Neither was
the impact of a lag caused by time delays and/or antialiasing
low-pass filters in the measurement systems for the arm currents
(from which the circulating and output currents are calculated)
considered in [27].

The contribution of this paper is the exploration of the men-
tioned disregarded issues. In Section II, the output current is
included in an extended per-phase dynamic model and closed-
loop control of the circulating and output currents is considered.
A first-order lag is included in both current control loops to
model measurement-system imperfections.

For the given assumptions, it is shown in Section III, using
Lyapunov theory, that the resulting dynamic system is globally
asymptotically stable. This is a direct extension of the proof
presented in [28].

The on-line computation of the sum-capacitor-voltage refer-
ences must be implemented with care for the stability proof to
hold in practice. This is the most critical part of the scheme, to
which Section IV is devoted.

Finally, Section V presents some simulations and experimen-
tal results which vindicate the results in a practical environment.

Preliminary results were presented in [29].

II. DYNAMIC MODEL AND CONTROL METHOD
A. Per Phase Dynamics

We shall here briefly summarize the derivation of a
continuous-time model. A thorough derivation, which shows
all intermediate steps, can be found in [27]. Fig. 1(c) shows a
block diagram of the proposed control system.

It is assumed that the individual capacitor-voltage sharing
within each arm is maintained by a selection mechanism as
described in [6] and [24]. The switching frequency and the
number of submodules per arm are assumed to be sufficiently
high to make discrete effects negligible as compared with the
waveform amplitude. These assumptions allow the insertion
indices to be considered continuous on the interval [0,1]. As
a result thereof, the inserted voltages too can be considered as
continuous variables.

As argued in [27], a stiff dc-bus voltage vy can be assumed.
In addition, we shall in this paper assume also a stiff grid
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(ac-bus) voltage v,. These assumptions allow each phase leg
of the converter to be treated separately, and makes the theory
general for any number of phases M . All equations are therefore
given per phase, and explicit phase notation is not used.

By considering the total arm energy, as shown in [27], the
definitions made in the Nomenclature, and the circuit diagram
depicted in Fig. 1(b), the following fourth-order representation
of the per-phase dynamics is obtained:

% = % (ve — Ri.) 3

of which (1)—(3) comprise the so-called internal dynamics [27],
[28]. Using the definitions of ¢, ., v., and v, in the Nomen-
clature allows us to rewrite these relations as

o2 (40

B. Open-Loop Voltage Control

From the definitions made in the Nomenclature, the following
voltage relations are found:

» Vd

Veuw = Ny Uy = ? — Ug Ve (9)
y _ Ud

Vel = MU, = > + vs — v, (10)

By solving (9) and (10) for n, and n;, respectively, and substi-
tuting vy and v, with their references v} and v}, selections of
the insertion indices which compensate for the sum-capacitor-
voltage ripples are found, such that vs = v and v, = v} (ide-
ally, at least). However, the resulting closed-loop system will be
marginally stable [27]. Voltage control loops need to be added to
achieve asymptotic stability [21], [23]. By adopting instead the
open-loop approach of [24], i.e., substituting also v>, and UCEZ
with their respective references v7,* and v;*, an asymptotically
stable system is obtained without the addition of voltage control
loops [27], [28]. The so obtained insertion indices are given as

vg/2 — v}

u = s 11

T ”
vq /2 + vl — vk

ny = va/2 05 = v N (12)

cl
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The sum-capacitor-voltage references are obtained from (5) and
(6) by substituting v, , — v>*, i, — i¥, and i; — i}, where
iy and 4} are the respective references for i, and is. That is

dvi*  Nn, (i%
% O <2 + zc> (13)
dvczl* an Z: 1 (14)
=— -2+ ).
dt C 2 ¢

The on-line computation of (13) and (14) is the core of the
control scheme and requires care in its implementation. See
Section IV for details.

C. Current Control Loops

One of the benefits of the open-loop voltage control approach
is that the internal dynamics become insensitive to measurement
lags [24]. One drawback, on the other hand, is that the damping
of the internal dynamics are solely determined by the parasitic
arm resistance 2. As the latter should be as small as possible to
give as high an efficiency as possible, the damping will generally
be poor [27]. To improve the damping, a proportional feedback
of the circulating current can be included in the selection of
vy [27]. The control scheme is then no longer purely open loop,
which the on-line computation of (13) and (14) must take into
account. See Section IV.

In the stability analysis performed in [28], the output-current
dynamics were disregarded, but are included in the analysis
to follow. Neither was a measurement lag considered in [28].
This is now rectified by the inclusion of a first-order lag with
bandwidth «,,,, i.e., with transfer function
am

s+ oy,

Hm, (5) == (15)

The measured circulating and output currents are thus given by

== Hm (S)ic ism = Hm (S)Zs (16)

ZCWI

where here, and in other similar relations, s = d/dt. Since
the circulating current ideally shall be constant and H,, (0) =
1, 7., can immediately be used in a circulating-current control
law

ig
M
where the feedforward (second) term is a compensation for the
resistive voltage drop in (3). The notation R,, of the proportional
gain in the feedback (first) term is so chosen, since it can be
regarded as an “active resistance.” Its impact on the system
dynamics was investigated in [27].

The output current, on the other hand, shall be a fundamental-
frequency sinusoid. As a result, the measurement lag will incur
static amplitude and phase errors. Since the current control law
will be designed such that 75 = 77 in the steady state, an adequate
compensation for these errors is given by
i = Hy (8)is + (1 — Hy, (s)]is .

—_— —

sm S

vy = Ry (i} —icm) + RiZ, in = (17

(18)
Tsm icom p

The compensation term .., is constructed as high-pass filter-
ing of the output-current reference. Note that if ¢; = ¢}, then

i%,, =1s = i%. The compensated current

output-current control law as

L, R+ sL .
U‘:a (Z:_Z;'??L)+H1(s)|: e

! 5 5 ls + vg] . (19)
This control law consists of a proportional feedback term with
gain «.L/2 (which ideally gives a closed-loop system with
bandwidth o, [30]) and a feedforward term, which employs a
bandpass filter H(s) centered at the fundamental frequency
and with bandwidth a¢. This is a special case (h = 1) of the
general harmonic bandpass filter

! can be used in an

afs

s+ ass + (hwy)?’
In the feedforward of 7;—unlike that of ¢} in (17)—the full
impedance (R + sL)/2 has to be included; as ¢* is a sinusoid,
a static error would result if term s were omitted. Together
with a feedforward of the grid voltage [31], a static error is
then avoided without the addition of a resonant part [32] to the
control law.

Remark 1: For a three-phase converter, current control is nor-
mally not made per phase, but using space vectors in a stationary
(a3) or synchronous (dq) reference frame [30]. In that case, (18)
can be replaced by a complex gain, giving the correct steady-
state amplitude and phase compensation. As long as additional
(integral and/or resonant) parts are not added to the control law,
the stability analysis to be made in the next section holds also
for space-vector output-current control.

Hy(s) = (20)

III. STABILITY ANALYSIS

After setting the stage, we shall in this section rigorously
establish global asymptotic stability using Lyapunov theory.

A. Assumptions

As mentioned previously, stiff de-bus and grid voltages are
assumed. In addition, the dynamics of any outer loops, e.g.,
for active- and reactive-power control, are assumed to be much
slower than the per-phase dynamics. This makes it reasonable
for:

1) vq and 7} to be assumed constant;

2) v, and 7 to be assumed as static fundamental-frequency

sinusoids.

This, in turn, allows the bandpass filter in (19) to be disre-
garded; since H; (jw;) = 1, it does not have an impact on static
fundamental-frequency signals. The following output-current
control law thus can be considered:

L. ., . R, Ldi
v =5 (zs—z;m)+§zs+§dt + vg. (21)

B. Error Dynamics

As will now be shown, the system dynamics derived in
Section II can be reduced to a nonlinear and time-varying sixth-
order dynamic system in the error (deviation) variables

~¥ _ .2 Yk ~ _ % Yk
cu = Veu = Yeu Vel = Vg — Vg
~ . . = . "
e =% — 1% lem = lem — 1
~ . . 3 . "
Us = 1s — 1, lgm = gy — lp- (22)
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Subtracting (13) from (5) and (14) from (6), the equations gov-
erning the sum-capacitor-voltage errors are obtained as

dv:,  Nny, (is -
T C <2+%> @)
deE, Nny 55 ~

d SN 45, 24
i~ C ( 2“5) 24)

Somewhat more complicated manipulations are needed to ob-
tain a corresponding relation for the circulating-current error.
Substituting (22) into (7) yields, as di} /dt = 0

di. 1 [vg =g (3 4 0%,) — mi(uh +03)
dt L 2

—R(i. +1i)] . (25)

Using (11) and (12) allows (25) to be simplified as

R cl *
it L T

dic 1 [ n,> 4+t
~Dten S oy -

Rl +i| 0o
and substitution of (17) into (26) results in

27

di, 1 (n,0%, +md
dt L

2
5 b+ Ryiem —i—Ric) .

It is easily verified that the first relation in (16) equivalently can
be expressed as
dﬁr‘m ~ ~
ilt = Qyp (Zc - Zcm)~
The equation governing the output-current error is obtained by

making similar manipulations of (8) as were made of (7), re-
sulting in

(28)

d(is + %)

2 [—n, o> ~%
_ 2 n Ucu+nlv“l+vg—vg
dt L 2

Ri+i)]. 9)

Substitution of (21) into (29) then yields

L~ -
& ism - gu) . (30)

dt L

diﬁ 2 —n, 05, + mos _
2 2

Finally, multiplying (18) by (s + a, ), we get

y ) )
(s + ap )iy, = anis + siz =

il —i*
(anzit ZS) = Qy, (Zs - Z;m) =
dgsm ~ ~
dt :am(zs _'Lsm)- (31)

The error system consisting of (23), (24), (27), (28), (30), and
(31) can be expressed in a compact state-space form by intro-

. ~ ~2 ~Z ~ . . . T . .
ducmg Tr = [Ucu s Uclslestems bssy 'Lsm] , g1ving

= AF (32)
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where
r Nn, Nn, 7
0 0 0 0
C 2C
Nn, Nn,
0 0 c 0 50 0
B o n; R R,
A= 2L 2L L L 0 0
0 0 m —Qyy, 0 0
Ty n; R
- f f 0 O — f — O
L 0 0 0 0 o, —Qyy

- (33)

C. Stability Proof

Although the structure of (32) is that of a linear, time-invariant
system, state matrix A is time varying, since n,, and n;, via (19),
are functions of the sinusoids 4} and v, cf. (11) and (12). In
addition, (32) is nonlinear, since n, and n;, via (17) and (19),
are functions also of icm and ism, i.e., of Z.! Stability therefore
cannot be investigated via the eigenvalues of A. Lyapunov the-
ory, on the other hand, is powerful enough to tackle both time
variations and nonlinearities [33]. The structure of (32) allows
the search for a Lyapunov function candidate (LFC) of the form

vV =i Pz. (34)
With a constant matrix PP, we obtain, using (32)
V =3 Pi+# Pi= 310z,
Q=—(ATP+PA). (35)

The stage is now set to allow the formulation of the following
theorem.

Theorem: System (32) is globally asymptotically stable about
z=0if

1) C, L, N, R,, o, and o, are positive constants, and

2) R is positive and may be time varying.

Proof: Consider an LFC of the form (34), with

L L La,
p:diag(c C L R L O‘C)_

P is positive definite, so (34) is radially unbounded and positive,
except at £ = 0 where V' = 0. Since P is constant, V' can be
calculated according to (35). It is immediately verified that

R a.L
=di 0,0,R,R,, —,—
Q 1ag< ) b b 4 4 )

which is positive semidefinite. Thus, (34) is a global Lyapunov
function, implying that (32) is globally stable. Asymptotic sta-
bility follows from LaSalle’s invariance principle [33] in a simi-
lar fashion as in [28]. In component form, (35) can be expressed
as

(36)

(37)

R-, o.L-
My ng).

IPerfectly strict notation of (32) would be #(t) = A[t, #(t)]Z(t), which is
avoided in order not to introduce further notational clutter.

V=— (Riz + R,i%,, + (38)
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Since all coefficients within the parentheses in (38) are positive,
V =0 implies i, = i¢y = s = isy = 0. Substitution thereof
in (23), (24), (27), and (30) results in

dvZ
Weu _ 39
e (39)

dv,
AUy _ 40
i 0 (40)
OEnuﬁch —|—’/l1’l~15 “D
0= —nu'f)cz,“l + nlf)pEl (42)

From (39) and (40) it follows that 7, and 17(21 both must be con-
stant. However, since n,, and n; are time varying and not linearly
related, the only constants 7>, and >, that satisfy (41) and (42)
are 0, = 65 = 0. Consequently, (32) is globally asymptoti-
cally stable.

Remark 2: Obviously, the assumptions on which the proof is
based represent a somewhat idealized situation. These implicitly
include that R and L are perfectly known, via the feedforward
terms in control laws (17) and (19). Although some deviations
from the true values cannot be avoided, L normally does not
exhibit significant variations (unless iron-core arm inductors
are used, which may saturate), whereas R normally is small.
Therefore, there is normally no impact on system stability and
only slight impact on voltage and current control accuracy (see
Section V). Another idealized assumption is implied by the
reference-voltage computations (13) and (14), which need to be
modified as shown in the next section.

IV. ARM-ENERGY AND SUM-CAPACITOR-VOLTAGE
REFERENCE COMPUTATION

We shall now direct our attention to the reference-
computation relations (13) and (14), which are rearranged as
follows. First, (11) and (12) are, respectively, substituted into
(13) and (14), which respectively are multiplied by v>;* and v>*.
The arm-energy references

C
z:,l = W(UEj)Q
are then introduced, allowing (13) and (14) respectively to be
simplified as

(43)

AWy qw N (i

a ( 5 % ”) <2 H“) 44
dVVl* _ UVd * * Z; ke
=3+ “c)( 7 +) (45)

In theory, the arm-energy references could be computed on-
line as written, i.e., by direct integration of the right-hand sides
of (44) and (45). In practice, though, this will invariably fail,
since an open-loop integration gradually will build up a bias,
resulting in flawed operation. In [24] and [28], this problem was
circumvented for R, = 0 and with the output-current dynam-
ics disregarded by considering v}, v; = Ri;, and ¢, as quasi-
stationary quantities. Bias-free closed-form expressions for the
arm-energy references could then be obtained. This option is
no longer available, since the feedback terms of i.,, and 7/,

in, respectively, control laws (17) and (19) prevent closed-form
expressions from being obtained.

Using a low-pass filter instead of a pure integrator may seem
as a feasible solution. However, the bandwidth of the filter must
be made very low to prevent unacceptably large phase errors
from appearing. The dc-component suppression will then not
be fast enough, resulting in deteriorating stability properties
due to the tendency of bias buildup.

Bandpass filtering is the best approach found so far. A band-
pass filter with transfer function (20) lets an hth-order har-
monic component pass without amplitude or phase distortion,
as Hj,(jhwy) = 1. To find out which bandpass filters to apply,
the right-hand sides of (44) and (45) are analyzed further. To
simplify the calculations, the total and imbalance arm-energy
references

Wy =Wy + W/, WA =W7 =W (46)
are introduced in (44) and (45), which yields
AW
dtz = (vg — 203)i% — kit 47)
AL
—r = (va = 200)i /2 = 203 (48)

The product v}i}, i.e., of two fundamental-frequency variables,
shows that the right-hand side of (47) has a frequency com-
ponent at 2w;. For a three-phase converter, a third harmonic,
whose amplitude should be set to one-sixth of the fundamen-
tal component, can be added to v} to extend the modulation
range [34]. This will add a frequency component at 4w; . It is
immediately seen that the right-hand side of (48) has frequency
components at w; and (with a third harmonic added to v}) 3w;.

As integration corresponds to division by s, a frequency com-
ponent at hw; in Wy, or in W3 can be extracted by filtering
the signal corresponding to the right-hand side of (47) or (48)
through

H, h (S) Qyf

- . 49
s s+ ayps + (hw)? “49)

Consequently, the sum-capacitor-voltage references can be ob-
tained via the following steps:
1) The total and difference arm-energy ripples are estimated
by filtering the right-hand sides of (47) and (48) as
AWS = Hx (s) [(va — 207)iz — viiy]

AWR = Ha(s) [(va — 2v7)i /2 = 20ic]

(50
(5D
where
1
Hy (s) = < [Ha(s) + Hi(s)]

af + af
2+ aps+ (2wr)? 2+ aps+ (dwp)?

1
Ha(9) = 21 (5) + Hi o)
af T Qaf
s?+aps+wl  s2+aps—+ (3w)?
(52)
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This filtering rejects all frequency components—including
any dc bias—except those of interest, which pass virtu-
ally undistorted as long as oy < wy. The latter restriction
ensures a negligible interaction between the two band-
pass filters in each pair. For example, oy = 0.2w; yields
Hi (jwi) + H(jwy) = 1.001e/14". On the other hand,
this selection of oy gives fast enough dc-component re-
jection, preventing the tendency to bias buildup.

To the ripple estimates, the mean references are added.
Since (47) and (48) are open-loop integrations, these mean
references can be regarded as integration constants, which
can be selected freely. Normally, W should have zero
mean, i.e., balanced arm energies, so

Wy = Wi, + AW, Wi = AWS.

Generally, the sum capacitor voltage in each arm should
equal vy, i.e., the mean per-arm energy should be
Cv3/(2N). So, generally, the mean total energy reference
should be selected as

2)

(33)

Cv?
Wy = =4 54
S0 = v (54)
but any desired value can be chosen.
3) The arm-energy references are computed as
Ws + Wi W — WX
W = % Wi = SRR (s5)

4) Finally, the sum-capacitor-voltage references are obtained
from the arm-energy references as
. 2N
vcu,l = F ;:l' (56)

Remark 3: Since the measured output and circulating currents
are not used explicitly in the computations of the arm-energy
references (only implicitly via the insertion indices), the pro-
posed method is invariant of the measurement lag. On the other
hand, it is sensitive to model parameter C'; an inaccurate value
will result in inaccurate ripple estimation. This sensitivity can,
however, be reduced to a minimum. First, accurate capacitance
measurement can be made when the converter is commissioned.
Second, capacitances change due to ageing, but very slowly. If
deemed necessary, these variations can be tracked using an on-
line monitoring and parameter adaptation algorithm.

V. SIMULATIONS AND EXPERIMENTS

As mentioned in Remark 2, the assumptions on which the sta-
bility proof is based represent a somewhat idealized scenario.
Particularly, the method for reference computation in the pre-
vious section has somewhat different dynamic properties than
the ideal (13) and (14). Verification is therefore important; this
has been made through experiments using a scaled-down three-
phase MMC prototype, see Fig. 2, and also through simulations
using an averaged model with data identical to the prototype.

Several experimental results vindicating the stability prop-
erties were presented already in [28], for the same prototype
MMC, i.e., including a measurement lag. These experiments
included operating-point changes. In this section, focus is there-
fore on the differences to the system in [28], namely:
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Fig. 2. Photograph of the laboratory setup.
TABLE I
RATINGS OF THE EXPERIMENTAL MMC
DC-bus voltage vg =500 V
Peak output voltage s =225 V
Peak output current %s =10 A
Fundamental frequency f1 =50 Hz
Switching frequency per submodule | fsw = 500 Hz
Number of submodules per arm N=5
Mean submodule-capacitor voltage vzu 10 = 100V
Submodule capacitance C =0.73 mF
Arm inductance L =4.7 mH
Parasitic arm resistance R=0.39Q
“Active resistance” R, =13 Q

1) the addition of closed-loop circulating-current control;

2) the usage of a different reference-computation method.

Waveforms for phase leg a only will be shown; as the sys-
tem is balanced, the waveforms for the other two phase legs
are identical, but the ac quantities are obviously time shifted
corresponding to —120° and —240°, respectively, of the funda-
mental period. The ratings of the prototype are given in Table I.
The measurement time delay is approximately 300 ps, implying
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Fig. 3. Simulated step in the output-current reference for R, = 0. Dashed

curves are references.
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Fig.4.  Simulated step in the output-current reference for R, = 13 2. Dashed

curves are references.

that it can be represented by a lag filter with bandwidth o, =
3 krad/s.

The simulation model and the prototype differ in that the
former has a stiff grid voltage—in agreement with the theory—
whereas the latter feeds a resistive—inductive load. The inherent
damping of experimental system is therefore much higher than
that of the simulated system. For the output-current controller,
a. = 6 krad/s is used, i.e., twice the lag bandwidth, and for the
bandpass filters, oy = 50 rad/s is selected.

First, it is verified that the absence of an “active resistance”
leads to poor damping. To avoid that the damping of the pro-
totype’s passive load might give too optimistic a result, this
verification is made by simulation. Initially, the output-current-
reference peak value %’: is set to 5 A. After a steady state has
been reached, ;f is, at t = 1.05 s, stepped up to the nominal
10 A. As seen by comparing Figs. 3 and 4, there are signifi-
cantly larger transient oscillations in the circulating current for
R, = 0 than for R, = 13 ). In addition, there is a noticeable
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Fig. 5. Simulated step in the output-current reference for R, = 13 €2: (solid)

with and (dashed) without a measurement lag.
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Fig. 6. Experimental results with 2, = 0, showing periodic perturbations in

the circulating current. Dashed curves are references.

steady-state ripple in the former case. This indicates that the
proposed method for computing the sum-capacitor-voltage ref-
erences, using bandpass filters, is perhaps not perfect, but that
its performance can be enhanced by the usage of closed-loop
circulating-current control.

Next, a comparison to a converter with a negligible mea-
surement lag is made, which obviously must be made through
simulation. In Fig. 5 it is seen that, with a negligible lag there is
no ringing in the output current immediately after the step appli-
cation. However, the ringing in the solid curve is not significant,
which shows that the system is tolerant to a measurement lag.

Experimental results will now be presented.

First, an evaluation is made for R, = 0, with results shown
in Fig. 6. In agreement with Fig. 3, the circulating current has
periodic perturbations, though there are now also higher order
harmonics present.
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Fig. 7. Experimental results with R, = 13 2, with arm-energy references

computed using closed-form expressions [28], resulting in instability. Dashed
curves are references.

Next, circulating-current control with R, =13 Q is in-
troduced, but with arm-energy references obtained using the
closed-form expressions derived in [28]. Instability results, ap-
pearing as an oscillating circulating current, as shown in Fig. 7.
The reason for this instability is that the circulating-current feed-
back in control law (17) is disregarded in the computation of the
arm-energy references. The prerequisites of the stability proof
are not fulfilled. The instability vanishes if R, is made smaller;
notice that R, = 13 1 is quite large in relative terms, approxi-
mately nine times larger than X = wy L = 1.5 2 and 43 times
larger than R = 0.3 2.

Finally, (50) and (51) are used for computing the arm-energy
references (with integration and bandpass filtering implemented
using a resonant filter [35]). The resulting output and circulating
currents are displayed in Fig. 8. It is seen that, using the method
proposed in Section IV, stability is achieved even with the large
R, = 13 Q. Furthermore, in agreement with the simulation re-
sults, an “active resistance” significantly reduces the periodic
perturbations in the circulating current, cf. Fig. 6.

VI. CONCLUSION

Global asymptotic stability of open-loop voltage control
of the MMC, augmented with closed-loop circulating-current
control and taking the output-current control loop and a
first-order measurement lag into consideration, was proven.
Whereas in [28], closed-form expressions were derived for the
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Fig. 8. Experimental results with R, = 13 €, with the arm-energy refer-

ences computed using bandpass filtering as shown in Section IV, resulting in
asymptotic stability. Dashed curves are references.

sum-capacitor-voltage references, in this paper the latter are
computed online using bandpass filters and integration. This
modification was found crucial to stability for higher values
of the circulating-current control gain (the “active resistance”).
Although the usage of bandpass filters formally violates the as-
sumptions on which the stability proof is based, this violation
was—unlike the usage of closed-form expressions—in simula-
tions and experiments found not to be significant enough to alter
the stability properties.
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