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Abstract—The traditional power decoupling control of modular
multilevel converter (MMC) is based on the phase synchronization
achieved by the phase-locked loop (PLL), and MMC intricate inner
dynamics are ignored, which jeopardizes the system stability and
power decoupling. To improve the performance, a nonlinear phase-
unsynchronized power decoupling control for MMC is proposed
without PLL. At first, the MMC model as a nonlinear multi-input
multi-output system is developed. The developed model illustrates
that the MMC power coupling is caused by the ac current as well
as the MMC capacitor voltages. Then, through the input–output
linearization method, the proposed method decouples the MMC
output powers without the phase synchronization. Involving inte-
gral control, the dynamics of MMC output powers are designed as
second-order systems so that the control parameters can be easily
determined based on the required transient performance. To verify
the accuracy and correctness of the developed model, a comparison
of MMC dynamics with the proposed control is conducted between
the numerical solution in MATLAB and the EMT simulation in
PSCAD/EMTDC. Moreover, seven cases in the EMT simulations
and four cases in the experimental results demonstrate the desired
phase asynchronization and power decoupling performance of the
proposed method compared with the conventional dq control. At
last, the system zero dynamic stability is investigated and the
influences of MMC control parameters, ac-side voltage, dc-side
voltage and equilibrium points are analyzed to evaluate the stability
performance of the proposed method.

Index Terms—Feedback linearization, modular multilevel
converter (MMC), nonlinear system, phase asynchronization,
phase-locked loop (PLL), power decoupling.

I. INTRODUCTION

MODULAR multilevel converter (MMC) is the most at-
tractive topology in the modern ac/dc hybrid power

system for the bulk power transmission and the gird-connection
of renewable energy sources due to its adaptive high-voltage ap-
plication, strong reliability, and flexible scalability [1]–[3]. The
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cascaded control based on the synchronous reference frame, i.e.,
dq control, is widely applied. Meanwhile, the power decoupling
is performed in the dq control through the phase synchronization
with the phase-locked loop (PLL). Thus, the dq control has
become the most fundamental control scenario of MMCs for
the applications, e.g., the dc-grid voltage balancing and the fast
ac-grid frequency support [4], [5].

However, two critical problems of the conventional dq control
need to be considered. The first problem is that, when the conven-
tional dq control for two-level voltage source converters (VSCs)
is applied to the MMC, it does not consider the internal dynamics
of MMC [1], [6], which makes it difficult to realize the MMC
power decoupling accurately [1]. Furthermore, the imprecise
power decoupling caused by the conventional dq control will
also bring unnecessary system transients that are harmful to the
power quality [1], [7].

The second problem is that the PLL can make the system sta-
bility more vulnerable. In recent years, the instabilities caused by
the PLL in the grid-integrations of two-level VSCs are reported
and discussed. Zhou et al. [8]–[11] indicate that, an ac power grid
with high impedance, i.e., the weak grid, has a strong coupling
with the nonlinear dynamics of the high bandwidth PLL, which
leads to a potential instability. Hence, the performance of dq
control is constrained by the short-circuit ratio of ac power grids.

Several control methods are proposed considering the influ-
ence of MMC inner dynamics on the power decoupling per-
formance. Wang et al. [12]–[14] improve the conventional dq
control by employing the feedforward control to compensate the
dynamics of the capacitor voltages. The feedback linearization
technique, as a powerful tool to sharp the plant dynamic through
state feedbacks [15], has been widely applied to the high-
dimensional and nonlinear system, e.g., the VSC-based driver
controls for permanent magnet synchronous generator [16],
doubly fed induction generator [17], and induction motor [18].
Meanwhile, this technique can be utilized for VSC control,
e.g., dc voltage control [19]. Due to the high-dimensional and
nonlinear features of MMC, Yang et al. [20] and Li et al.
[21] develop the dq currents decoupling control laws based
on the input–output linearization instead of the conventional
two power control loops. Although the methods aforementioned
consider the influence of the MMC inner dynamics on the control
performance, the power decoupling principle of these methods
is still based on the phase-synchronization achieved by PLL.

On the other side, many previous works have discussed the
controls for VSC without PLL. Gui et al. [22]–[24] express the
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control methods based on the VSC using instantaneous power
in the stationary reference frame without PLL. However, the
feedback variables in the stationary reference frame must be
fundamental frequency sinusoidal functions where they need
a non-distorted grid voltage [22]. Thus, filters are introduced
in the control loops which jeopardize the power decoupling. In
addition, Zhong et al. [25] and [26], the virtual synchronous gen-
erator (VSG) control generates the magnitude and phase of mod-
ulation references based on the model of synchronous generator.
Since the generation of modulation references only depends on
the control itself, it can be applied to different converters, e.g.,
two-level VSC and MMC. However, the VSG control has no
capability to achieve the power decoupling while the influences
of converter dynamics are ignored. The power synchronization
control [27] uses the rotor kinetic equation to generate the phase
information instead of the PLL, which employs the advantage
of the VSG control. However, the damping of this control is
quite low when applied to the weak grid. On the other side, the
power dynamics of these methods are complicated, and hence
the associated control parameters are difficult to determine. In
sum, the existing methods are mostly based on the two-level VSC
model or MMC average value model, which cannot achieve a
completed power decoupling.

Therefore, to obtain the accurate decoupling power control,
the MMC inner dynamics should be considered. It is also ex-
pected that the stability may be improved by eliminating the
PLL. Therefore, in this article, a control method is proposed
for MMC power control based on the input–output linearization
technique. The accurate MMC model is established in the dq
reference frame with arbitrary initial phase angle to reflect the
inner dynamics of voltages and currents of the dc, fundamental-
frequency, and second-order harmonic components. Then, a
phase-unsynchronized power decoupling control of the MMC is
proposed without PLL. The purposes of the proposed method are
emphasized as compensating MMC inner dynamics, eliminating
PLL, guaranteeing power decoupling, and having better power
dynamics. For the weak grid application of the proposed method,
it will be discussed in another article with more evaluation and
investigation.

The contributions of this article are summarized as follows.
1) Unlike the VSG control, the proposed control still main-

tains power decoupled without introducing the PLL, i.e.,
the phase-unsynchronized condition, as its main advan-
tage. Furthermore, the MMC power dynamic is designed
as a second-order system, which is convenient to deter-
mine the control parameters for adjusting the regulation
speed, overshooting, damping feature, etc.

2) The proposed control considers the influence of MMC
inner dynamics on the power control. Thus, a thorough and
precise power decoupling can be achieved, which avoids
unnecessary dynamic transients of the MMC inner side
and the MMC-tied ac/dc power system.

3) A detailed investigation is performed for the stability of
the system zero dynamic of the MMC with the proposed
control. The associated results show that the stability of the
proposed method is not affected by the control parameters

Fig. 1. Schematic of MMC arm switching function model for phase j.

and sensitive to the grid parameters of the MMC dc-side
and point of common coupling (PCC) bus.

II. STATE-SPACE MODEL OF MMC

Fig. 1 exhibits the schematic of the MMC arm switching
function model [28], [29] for phase j, where j = a, b, and c.
N is the number of submodules in each arm and CSM is the
capacitance of submodule. Larm and L0 are the inductances of
each arm and PCC connection, respectively. Rarm and R0 are the
resistances of each arm and the PCC connection, respectively.
The three-phase dynamics of the arm currents, arm voltages,
ac-side currents, and switching functions are, respectively, given
by

vdc − Sjpvjp −Rarmijp − Larm
dijp
dt

= vac
j

− vdc + Sjnvjn +Rarmijn + Larm
dijn
dt

= vac
j (1)

CSM

N

dvjp
dt

= Sjpijp,
CSM

N

dvjn
dt

= Sjnijn (2)

vac
j = vj +R0ij + L0

dij
dt

, (3)

Sjp =
1

2
− vref

j

Ṽdc
, Sjn = 1− Sjp =

1

2
+

vref
j

Ṽdc
(4)

where vjp, vjn, ijp, and ijn are the equivalent capacitor voltages
and the arm currents of upper and lower arms, respectively. vac

j

and vdc are the MMC ac-side and dc-side voltages, respectively.
vj is the phase j voltage of PCC bus. Sjp and Sjn are the
switching functions of the upper and lower arms, respectively.
Ṽdc is the nominal dc voltage of MMC and vref

j is the phase j
voltage reference generated by the controller.

In the dynamic behavior of MMC, the dc, fundamental-
frequency, and second-order harmonic components are the dom-
inated elements [30]. Therefore, the arm voltages and currents
are exhibited as

vjp = vdc + vω0
j + v2ω0

j , ijp =
1

3
idc +

1

2
ij + i2ω0

j

vjn = vdc − vω0
j + v2ω0

j , ijn =
1

3
idc − 1

2
ij + i2ω0

j (5)
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where vdc, vω0
j , v2ω0

j and idc, ij , i2ω0
j are the dc, fundamental

frequency, and the second-order harmonic voltages and currents,
respectively. Substituting (4) and (5) into (1), (2), and (3) while
eliminating vac

j , the dynamics of MMC in the dq reference frame
are given in Appendices (A1), (A2) and (A3). The corresponding
coefficients c1, . . . , c8 are expressed in (A4).

The active and reactive powers of PCC bus are expressed as

P = 1.5 (vdid + vqiq) , Q = 1.5 (vqid − vdiq) . (6)

Thus, based on (A2) and (6), the dynamics of the MMC
active and reactive powers are related to the id, iq , vω0

d , vω0
q ,

v2ω0

d , v2ω0
q , vrefd , and vref

q , which indicates that the dynamics of
MMC SM capacitor voltage will significantly affect the MMC
power decoupling. Hence, ignoring the MMC inner dynamics
will negatively influence MMC control.

In sum, the ten-order nonlinear state-space model of MMC, as
a two-input two-output system, is derived and shown in (7) by
choosing the state variables as xT = [idc, v

dc, id, iq, v
ω0

d , vω0
q ,

i2ω0

d , i2ω0
q , v2ω0

d , v2ω0
q ], the system inputs as u1 = vref

d , u2 =

vref
q , and the system outputs asy1 = h1(x) = P ,y2 = h2(x) =
Q. ⎧⎨

⎩
ẋ = f(x) + g1(x)u1 + g2(x)u2

y1 = h1(x)
y2 = h2(x).

(7)

The dq transform matrices employed in this article for funda-
mental frequency and second-order harmonic components are
given by

Tabc/dq =
2

3

⎡
⎢⎣ cos(θ) cos(θ − 2

3
π) cos(θ +

2

3
π)

−sin(θ) −sin(θ − 2

3
π) −sin(θ +

2

3
π)

⎤
⎥⎦ (8)

where θ = ω0t or 2ω0t.
According to (8), it is emphasized that there is no PLL utilized

for phase synchronization. Hence, the power decoupling method
of the proposed control in this article is different with the con-
ventional synchronous rotating frame control, i.e., dq control,
and the stationary reference frame control, i.e., αβ control [4].
By employing the phase-unsynchronized dq transformation, the
number of the state variables can be reduced.

III. PROPOSED POWER CONTROL OF MMC

A. Input–Output Linearization Control for MIMO System

The basic background of the input–output linearization tech-
nique for the multi-input multi-output (MIMO) system [15], [31]
is briefly introduced in this part. In particular, a square MIMO
system, which has the equal number of inputs and outputs, is
considered as{

ẋ = f(x) +
∑m

i=1 gi(x)ui, i = 1, . . . ,m
yj = hj(x), j = 1, . . . ,m

(9)

where x ∈ Rn, f(x) and gi(x) are the nonlinear smooth vector
fields on f ∈ Rn and gi ∈ Rn, hj(x) are the nonlinear smooth
scalar functions. The definitions of the kth Lie derivative of
hj(x), LgiL

k
fhj(x), with respect to f(x) and gi(x), are given

by (10). And the relative order rj for the jth output yj is defined
by (11)

L1
fhj(x) =

∂hj(x)

∂x
f(x), Lk

fhj(x) = Lf (L
k−1
f hj(x))

LgiL
k
fhj(x) =

∂Lk
fhj(x)

∂x
gi(x) (10){

LgiL
k
fhj(x) = 0, k = 0, . . . , rj − 2

∃l ∈ [1, . . . ,m] , LglL
rj−1
f hj(x) �= 0

. (11)

Then, the high-order derivatives of the system outputs yj with
the relative order rj can be expressed as

⎧⎪⎨
⎪⎩

dsyj
dts

= Ls
fhj(x), s = 1, . . . , rj − 1

drjyj
dtrj

= L
rj
f hj(x) +

∑m
i=1 LgiL

rj−1
f hj(x) · ui.

(12)

To achieve a linear relationship between one input and the
particular output yj , the coordinate mapping associated with the
new defined state variable εj(p) and the new defined input ϕj

can be selected as{
εj(p) = Lp

fhj(x), p = 0, . . . , rj − 1

εj(rj) = L
rj
f hj(x) +

∑m
i=1 LgiL

rj−1
f hj(x) · ui = ϕj .

(13)
Then, the original system shown in (9) will be transformed to

an input–output linearized and decoupled system shown as⎧⎪⎪⎪⎨
⎪⎪⎪⎩
η̇ = f0(η, εj(p) · · · )
ε̇j(p) = εj(p+1), p = 0, . . . , rj − 2

ε̇j(rj−1) = εj(rj) = ϕj

yj = εj(0)

(14)

where r1 + · · ·+ rm = r0,η ∈ Rn−r0 . If r0 = n,η will not ex-
ist and the original MIMO system is comprehensively linearized.
Otherwise, the original system shown in (9) will be divided into
two parallel subsystems: the system linearized dynamic and the
system zero dynamic. And the η are the state variables of the
system zero dynamics. Therefore, according to (13), the original
system inputs uj are exhibited as

u = C−1(x) [ϕ−α(x)] (15)

where uT = [u1, . . . , um], ϕT = [ϕ1, . . . , ϕm], α(x)T =
[Lr1

f hj(x), . . . , L
rm
f hj(x)], and

C(x) =

⎡
⎢⎣
Lg1L

r1−1
f h1(x) · · · LgmLr1−1

f h1(x)
...

. . .
...

Lg1L
rm−1
f hm(x) · · · LgmLrm−1

f hm(x)

⎤
⎥⎦ . (16)

Theorem 2 of Ref. [31] indicates that the following conditions
are sufficient for the system shown in (9) to be input–output
linearizable.

1) Each output yj possesses a relative order rj .
2) The matrix C(x) is nonsingular for all x.
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B. Phase-Unsynchronized Power Decoupling Control for
MMC

The MMC plant given by (7) needs to be checked if it is input–
output linearizable. Since y1 = h1(x) = 1.5(vdid + vqiq) and
y2 = h2(x) = 1.5(vqid − vdiq), the relative orders of each out-
put in (7) are calculated as

Lg1L
0
fh1(x) = 1.5c6vdv

dc + 0.75c6
(
vdv

2ω0

d + vqv
2ω0
q

)
Lg2L

0
fh1(x) = 1.5c6vqv

dc + 0.75c6
(
vqv

2ω0

d + vdv
2ω0
q

)
Lg1L

0
fh2(x) = 1.5c6vqv

dc + 0.75c6
(
vqv

2ω0

d − vdv
2ω0
q

)
Lg2L

0
fh2(x) = −1.5c6vdv

dc + 0.75c6
(
vdv

2ω0

d + vqv
2ω0
q

)
(17)

and the relative orders of y1 and y2 are r1 = r2 = 1.
According to (16) and (17), the determinant of matrix C(x)

is calculated and shown as follows:

det [C(x)] =
9

16
c26(v

2
d + v2q )

[
(v2ω0

d )2 + (v2ω0
q )2 − 4(vdc)2

]
.

(18)
In the normal operation, the magnitude of PCC voltage is

nonzero, i.e., v2d + v2q �= 0. Meanwhile, the value of vdc is quite
greater than that of (v2ω0

d )2 + (v2ω0
q )2. Thus, C(x) is nonsin-

gular and based on Theorem 2 of [31], the MMC plant shown
in (7) is input–output linearizable.

According to the dynamics of the fundamental-frequency
currents shown in (A2), the MMC power dynamic is given as
follows:[

Ṗ

Q̇

]
=

3

2

[
vd vq
vq −vd

] [
i̇d
i̇q

]
= M0

[
i̇d
i̇q

]

= M0

(
−
[
b1
b2

]
+M1

[
vref
d

vref
q

])
=

[
ϕref
1

ϕref
2

]
(19)

where

b1 = c4id − ω0iq + 2c5vd + c5v
ω0

d

b2 = c4iq + ω0id + 2c5vq + c5v
ω0
q

M1 =

⎡
⎢⎣c6vdc +

1

2
c6v

2ω0

d

1

2
c6v

2ω0
q

1

2
c6v

2ω0
q c6v

dc − 1

2
c6v

2ω0

d

⎤
⎥⎦ . (20)

Following (19), the original input vref
d and vref

q are calculated
as follows:[

vref
d

vref
q

]
= M−1

1

([
b1
b2

]
+M−1

0

[
ϕref
1

ϕref
2

])

=
1

b0

[
2v2ω0

d − 4vdc 2v2ω0
q

2v2ω0
q −2v2ω0

d − 4vdc

] [
b1 + b3
b2 + b4

]
(21)

where

b0 = c6
[
(v2ω0

d )2 + (v2ω0
q )2 − 4(vdc)2

]
b3 =

2

3(v2d + v2q )
(vdϕ

ref
1 + vqϕ

ref
2 )

b4 =
2

3(v2d + v2q )
(vqϕ

ref
1 − vdϕ

ref
2 ).

(22)

Fig. 2. Decoupling relationships between inputs ϕref
1 , ϕref

2 and outputs P , Q
after input–output linearization.

Thus, the linearized relationships between the new inputsϕref
1 ,

ϕref
2 and the active and reactive powers of MMC as system out-

puts are shown in Fig. 2. The power decoupling is achieved by the
state feedback and the coordination transformation, which does
not need phase information. Thus, the phase-synchronization is
avoided, i.e., PLL is eliminated.

To ensure the reference tracking, integral elements are in-
volved in the design of the secondary control loop for generating
ϕref
1 and ϕref

2 . The MMC power dynamic response will be de-
signed as the second-order system. Thus, using the active power
P as an example to demonstrate the design of the secondary
control loop, the integral element for the active power reference
Pref is given as follows:

˙δP = Pref − P. (23)

To simplify the control design, all loops are transformed to the
s-domain. Equations (19) and (23) in the s-domain are expressed
as follows:

sP (s) = ϕref
1 (s), sδP (s) = Pref(s)− P (s). (24)

ϕref
1 (s) can be determined by P , Pref, and δP as

ϕref
1 (s) = G1(s)δP (s) +G2(s)P (s) +G3(s)Pref(s). (25)

Then, combining (24) and (25), P can be expressed as

P (s) =
G1(s) + sG3(s)

s2 − sG2(s) +G1(s)
Pref(s). (26)

To achieve the desired dynamics, G1(s), G2(s), and G3(s)
can be determined by

G1(s) = ω2
P , G2(s) = −2ξPωP , G3(s) = 0. (27)

Therefore, the state-space functions of the secondary control
loops are shown in (28) and the whole linearized system is the
minimum-phase realization.

ϕref
1 = ω2

P δP − 2ξPωPP, ˙δP = Pref − P

ϕref
2 = ω2

QδQ− 2ξQωQQ, ˙δQ = Qref −Q. (28)

As aforementioned, the control parameters of the inner loop
comes from the system parameters. Considering parameter vari-
ations, they can be corrected by measurements and try-and-error
around their nominal values. The control parameters of the outer
loop are ξP , ξQ, ωP , and ωQ. They can be determined by the
user with desired power dynamics, e.g., overshoot and setting
time. The dynamic responses of MMC output power, with the
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Fig. 3. Decoupling relationships between inputs Pref, Qref, and outputs P , Q
with designed second-order dynamics.

Fig. 4. Block diagram of the proposed control.

power reference Pref and Qref, are shown in Fig. 3. The block
diagram of the proposed control is shown in Fig. 4.

The desired state-space model of MMC with the proposed
control is shown as follows:⎧⎪⎪⎨

⎪⎪⎩
η̇ = f ′

0(η,w,u, ξP , ξQ, ωP , ωQ, vd, vq, vdc)
ẇ = A1w +B1u

y =

[
1 0 0 0
0 1 0 0

]
w

(29)

where η is the state variable vector of the system zero dy-
namic and ηT = [idc, v

dc, vω0

d , vω0
q , i2ω0

d , i2ω0
q , v2ω0

d , v2ω0
q ], w is

the state variable vector of the system linearized dynamic and
wT = [P,Q, δP, δQ], u is the MMC input vector and uT =
[Pref, Qref]. The matrices A1 and B1 are given as

A1 =

⎡
⎢⎢⎣
−2ξPωP 0 ω2

P 0
0 −2ξQωQ 0 ω2

Q

−1 0 0 0
0 −1 0 0

⎤
⎥⎥⎦ , B1 =

⎡
⎢⎢⎣
0 0
0 0
1 0
0 1

⎤
⎥⎥⎦ . (30)

IV. STUDY CASES

A. Study System

A ±500-kV two-terminal MMC-HVdc study system is pre-
sented in Fig. 5 and the T equivalent circuit is adopted as the
model of the 500-km dc transmission line. RT , LT , and CT

are the equivalent resistance, inductance, and capacitance of
T circuit, respectively. Ls and Cg are the smoothing inductor
and the grounding capacitor of dc system, respectively. The
parameters of two MMCs in this study system are identical and
MMC 2 will maintain the dc voltage of the study system. The
parameters of the study system are given in Table I.

Fig. 5. Two-terminal MMC-HVdc study system.

TABLE I
ELECTRIC PARAMETERS OF STUDY SYSTEM

B. Model Verification

To verify the developed MMC model with the proposed con-
trol, a comparison is conducted between the developed nonlinear
state space model calculated in MATLAB and the circuit model
simulated in PSCAD/EMTDC.

A step change on the active power reference Pref of MMC
1 occurs from 70 to 220 MW at t = 9 s, meanwhile Qref keeps
100 Mvar. The dynamic responses of 10 state variables of MMC
1 are shown in Figs. 6 and 7, respectively. The calculation
in MATLAB and the simulation in PSCAD/EMTDC present
the highly identical behavior. The value deviations between
simulations and calculations are extremely small, which can be
neglected. Thus, the feasibility of the developed MMC model
shown in (29) with the proposed control is validated.

C. Dynamics Comparison of Different Controls

First, two study cases are applied to demonstrate the dynamic
transient and decoupling performance of the proposed control.
To guarantee fair comparisons, the control parameters of the
conventional dq controller and the proposed controller are de-
termined to ensure the similar settling time. And the parameters
of active power loop and reactive power loop are identical. In
case-1, the active power reference Pref of MMC 1 has a step
change from 70 to 220 MW; meanwhile, the reactive power
reference Qref maintains 100 MVar. In case-2, Qref of MMC
1 has a step change from 100 to 270 MVar; meanwhile, Pref

maintains 70 MW. The active power, reactive power, id, and iq
of two cases are shown in Figs. 8 and 9, respectively. In these two
study cases, ξP , ξQ are 0.707 andωP ,ωQ regulate the associated
control speed.

According to Figs. 8(a) and (b) and 9(a) and (b), the dy-
namic transients of the proposed control are the behaviors of
typical second-order systems, as the desired design. Further-
more, considering the different power coupling principle of
two-level VSC and MMC, the proposed control realizes the
precise power decoupling performance of MMC power control.
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Fig. 6. Voltage dynamic responses of the MMC 1 and numerical comparisons
between PSCAD/EMTDC simulation and MATLAB solution. (a) vdc. (b) vω0

d
.

(c) vω0
q . (d) v2ω0

d
. (e) v2ω0

q .

As the comparison, the conventional dq control is designed for
two-level VSC without considering the MMC inner dynamics.
It cannot eliminate the MMC power coupling and may bring
worse performance with improper control parameters.

Additionally, Figs. 8(c) and (d) and 9(c) and (d) illustrate the
dynamics of id and iq , including transients and steady-state in-
formation. Table II provides the details of the power calculation
at steady-state conditions containing vd and vq. According to
Figs. 8(c) and (d) and 9(c) and (d), and Table II, it is validated
that the power decoupling principle of the dq control depends
on the phase synchronization achieved by PLL while that of the
proposed control is realized by phase-unsynchronized state feed-
back and coordination transform. On the other side, the current
transient dynamics of MMC with the conventional dq control
shown in Figs. 8(c) and (d) and 9(c) and (d) also demonstrate that
the conventional dq controller does not consider the influence
of the MMC capacitor voltage dynamics, which deteriorates the
performance of power decoupling.

Considering that the system parameters can be deviated from
their nominal values, the simulations are performed to analyze
the impact of the system parameter variations on the control
performance. In the proposed method, the inner loop employs
the arm inductance, arm resistance, PCC inductance, and PCC

Fig. 7. Current dynamic responses of the MMC 1 and numerical comparisons
between PSCAD/EMTDC simulation and MATLAB solution. (a) idc. (b) id. (c)
iq . (d) i2ω0

d
. (e) i2ω0

q .

resistance to linearize the MMC model. Hence, four cases are
shown in Table III. The associated simulation results are shown
in Figs. 10 and 11, respectively. In Fig. 10, Pref has a step change
from 300 to 450 MW. In Fig. 11,Qref has a step change from 200
to 100 MVar. The gray lines in Figs. 10 and 11 are the dynamic
reference that the control parameters are identical to the circuit
parameters.The simulation results show that, although the arm
inductance and the PCC inductance have the negative effect on
the MMC power decoupling performance, the proposed control
is still available for power control. Meanwhile, the arm resistance
and PCC resistance have no evident effect on the proposed
control. Therefore, the MMC inductance must be measured
accurately to guarantee the performance of the proposed control.

On the other side, the drift of the grid frequency should also be
investigated since the dq transformation in the proposed method
maintains the nominal value. Fig. 12 shows the simulation results
of case-7. In this case, the grid frequency has a step change from
60 to 58 Hz. The Pref and Qref are 500 MW and −500 MVar,
respectively. According to Fig. 12(a), there are transients during
the grid frequency deviation due to that the impedances of the
PPC inductance and the arm inductance have the corresponding
step changing in the circuit. Thus, the compensation from the in-
ner loop is enough so the integrators in the outer loop contributes
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Fig. 8. Dynamic responses of power and current of MMC 1 in case-1. (a) P .
(b) Q. (c) id. (d) iq .

to the compensation for the grid frequency drift. In Fig. 12(b)
and (c), vd, vq, id, and iq become sinusoidal components instead
of dc components. However, the MMC power can be controlled
to its references since the state feedback is not affected by the
numerical form of feedback state variables. As the conclusion,
the grid frequency drift has no influence on the controllability
of the proposed method but it can negatively affect on power
decoupling as the system parameter variations of inductances.

D. Experimental Results

An experimental prototype of the three-phase grid-tied MMC
is established to verify the validation of the proposed control
method, as shown in Fig. 13. The schematic of this prototype
is shown in Fig. 14. Moreover, the parameters of the prototype
is illustrated in Table IV. In this prototype, the power analyzer
measures the MMC-controlled active and reactive power. The ac
power source and resister load are combined together to emulate
the ac grid with four-quadrant power flow.

Considering the SM capacitor voltage unbalancing, the
single-step alternated modulation method [32] is adopted to
PWM implemented by FPGA instead of the conventional closed-
loop individual capacitor voltage control, overall capacitor volt-
age control, and arm capacitor voltage control. The SM capacitor
charging/discharging principle and the associated analysis of the
alternated modulation method can be found in [33]. Since the
MMC power control just generates reference for modulation

Fig. 9. Dynamic responses of power and current of MMC 1 in case-2. (a) P .
(b) Q. (c) id. (d) iq .

TABLE II
POWER CALCULATION OF THE DQ AND THE PROPOSED CONTROL

TABLE III
CASES OF CIRCUIT PARAMETER VARIATION
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Fig. 10. Dynamic responses of active and reactive power of MMC 1 with
system parameter variation when the active power reference has a step change
from 300 to 450 MW. (a) and (b) Results of case 3. (c) and (d) Results of case
4. (e) and (f) Results of case 5. (g) and (h) Results of case 6.

Fig. 11. Dynamic responses of active and reactive power of MMC 1 with
system parameter variation when the reactive power reference has a step change
from 200 MVar to 100 MVar. (a) and (b) are the results of case 3. (c) and (d) are
the results of case 4. (e) and (f) are the results of case 5. And (g) and (h) are the
results of case 6.

Fig. 12. Dynamic responses of active and reactive power of MMC 1 with grid
frequency drift when the grid frequency has a step change from 60 to 58 Hz. (a)
Dynamics of active and reactive power. (b) Dynamics of ud and uq of case 7.
(c) Dynamics of id and iq .

Fig. 13. Photograph of the experimental prototype.

Fig. 14. Schematic of the experimental prototype.

in DSP, the modulation in FPGA will not have any negative
effect on the MMC power control, i.e., dq control and the
proposed control. The potential negative dynamic influence of
the conventional closed-loop capacitor voltage control can be
avoided.

Fig. 15 shows the MMC arm voltage, output voltage, and
output currents as an operation test without ac power source
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TABLE IV
ELECTRIC PARAMETERS OF EXPERIMENTAL PROTOTYPE

Fig. 15. Experimental results of MMC without grid connection when the dc-
link voltage is 100 V and the resistor load is 100Ω, respectively. (a) MMC phase
a upper, lower, and output voltages. (b) MMC three-phase output currents.

when the resistor load is 100 Ω. These results confirm that the
prototype is working in good condition.

Then, Figs. 16 and 17 show the experimental results of the
dq controller, including ac-link voltage, output current, and the
power dynamics calculated by the records of two oscilloscopes.
Since the ac-link voltages in different cases are identical, it is
only displayed in Fig. 16. In Fig. 16, Pref has a step change from
550 to 700 W; meanwhile, Qref keeps −400 Var. In Fig. 17, Qref

has a step change from −400 Var to −550 Var meanwhile Pref

maintains 600 W. The measurements of the power analyzer at
steady-state of these two cases are shown in Table V. According
to the power dynamics shown in Figs. 16(c) and (d) and 17(b)
and (c), the conventional dq control does not consider that
each SM capacitor needs release/absorb energy, which further
influences the arm voltage and inevitably brings out the power
coupling. This phenomenon also supports the conclusion that
the MMC inner dynamics have significant effect on the MMC
power decoupling.

Figs. 18 and 19 show the experimental results of the pro-
posed control while Table VI presents the measurements of
power analyzer. As a comparison, the cases conditions for the
proposed control verification are identical to the cases for dq

Fig. 16. Experimental results of MMC with the conventional dq controller
when Pref has a step change from 550 W to 700 W while Qref maintains
minus;400 Var. (a) AC-link voltage. (b) MMC output current. (c) Active power
dynamics. (d) Reactive power dynamics.

controller. Compared with the power dynamics of dq controller
shown in Figs. 16(c) and (d) and 17(b) and (c), the proposed
controller compensates the MMC inner dynamics and achieves
better performance on the power decoupling without PLL, as
shown in Figs. 18(b) and (c) and 19(b) and (c). Since the
frequency of ac power source must have a small drift from
the settings while the circuit parameters must have deviations
from their nominal values, the negative impact of them on the
proposed control can be minimized through parameter mea-
surements and adjustments. Thus, the effectiveness and bene-
fits of the proposed control are verified through experimental
results.

V. STABILITY ANALYSIS

In this section, the stability of the MMC with the proposed
control will be analyzed. According to (29), the MMC stability
is composed of the stability of the system zero dynamic η and
that of the system linearized dynamic w. The stability of the
system-linearized dynamic is easy to be guaranteed by adjusting
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Fig. 17. Experimental results of MMC with the conventional dq controller
when Qref has a step change from −400 Var to −550 Var while Pref maintains
600 W. (a) MMC output current. (b) Active power dynamics. (c) Reactive power
dynamics.

Fig. 18. Experimental results of MMC with the proposed controller when Pref
has a step change from 550 to 700 W while Qref maintains −400 Var. (a) MMC
output current. (b) Active power dynamics. (c) Reactive power dynamics.

Fig. 19. Experimental results of MMC with the proposed controller whenQref
has a step change from−400 to−550 Var whilePref maintains 600 W. (a) MMC
output current. (b) Active power dynamics. (c) Reactive power dynamics.

TABLE V
MEASUREMENTS OF THE POWER ANALYZER FOR THE dq CONTROL

TABLE VI
MEASUREMENTS OF THE POWER ANALYZER FOR THE PROPOSED CONTROL

the parameters ξP , ξQ, ωP , and ωQ. Hence, the MMC stability
will only depend on the stability of the system zero dynamic. Due
to its nonlinearity, the first theorem of Lyapunov stability theory
is applied to analyze the stability of the system zero dynamic
which is affected by the power system parameters vd, vq , vdc,
the equilibrium point Pref, Qref, and the control parameters ξP ,
ξQ, ωP , ωQ.
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TABLE VII
EIGENVALUE DISTRIBUTION OF DIFFERENT PARAMETER VARIATIONS

At first, the system zero dynamic stability is investigated along
with the varying control parameters ξP , ξQ,ωP , andωQ. Consid-
ering the impact of different equilibrium points, two operating
points P = 1500 MW, Q = 100 MVar, and P = −500 MW,
Q = 1100 MVar are selected. Along with these four parameters
varying, all eigenvalues maintain constant. The details are shown
in Table VII. The maximum and minimum deviations shown in
Table VII are the maximum and minimum deviated distances
among all eigenvalues calculated with varied parameters, re-
spectively. Therefore, it is concluded that ξP , ξQ, ωP , and ωQ

have no influence on the system zero dynamic stability under
different equilibrium points.

Then, the system zero dynamic stability is studied along with
the varying power system parameters vd, vq, and vdc. To obtain
different values of vd and vq, there are two methods: different
initial phase angle ∠θ with constant phase voltage magnitude
|v|, and constant ∠θ with different |v|. In the first situation, |v|
is 163.2993 kV and, along with the varying ∠θ, the eigenvalues
of the system zero dynamic maintain constant. The details are
shown in Table VII as well. This phenomenon expresses that
the initial phase angle of the ac voltage of PCC bus does not
affect the MMC stability. In the second situation, the phase
voltage magnitude |v| varies from 100 to 200 kV and the initial
phase angle is −π/3. At two equilibrium points, the associated
eigenvalue loci are displayed in Fig. 20, which demonstrates that
the magnitude of ac phase voltage has impacts on the system zero
dynamic stability but the impacts are limited. Considering the
normal operating conditions, the voltage variation of PCC bus
has a negligible effect on the MMC stability.

In addition, the variation of the dc voltage may affect the
system zero dynamic stability. When vdc varies from 450 to
550 kV, the corresponding eigenvalue locus is presented in
Fig. 21, which shows that the influence of the MMC dc-side
voltage can be neglected.

Finally, the influence of different equilibrium points on the
system zero dynamic stability is analyzed. The capacities of two
MMC in the study system are 1500 MVA. The stable operation
regions are obtained through checking the eigenvalues of the
system zero dynamic. The intercepts of horizontal and vertical
axises are 1 MW and 1 MVar, respectively. To further validate
that the influences caused by the power system parameters are

Fig. 20. Eigenvalue loci of the system zero dynamic associated with the
varying magnitude of ac voltage. (a) Equilibrium-1. (b) Equilibrium-2.

Fig. 21. Eigenvalue loci of the system zero dynamic associated with the
varying MMC dc-side voltage. (a) Equilibrium-1. (b) Equilibrium-2.

Fig. 22. Stability map of the system zero dynamic with different operation
points and MMC dc-side voltage. (a) Overall stability map and local magnifica-
tion of the unstable area. (b)–(d) Further local magnification for the boundary
comparison of different unstable areas.
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negligible, different dc voltages are adopted. The results are
exhibited in Fig. 22. There is a very small region in each case
causing the MMC inner dynamic unstable, even though the
MMC input–output dynamic maintains stable. This unstable
area is generated by the control structure shown in (21). Thus,
the application of the proposed control needs to consider the
region of operating point.

Moreover, compared with the boundaries of the unstable op-
eration regions with different vdc, there are only four minuscule
differences. Each difference means one equilibrium point with
the associated intercepts. Thus, Fig. 22 supports the conclusion
that the effect on the system stability caused by the MMC dc-side
voltage can be ignored under normal operation.

VI. CONCLUSION

This article presents a phase-unsynchronized power decou-
pling control for MMC without PLL, and further analyzes
the stability of MMC with the proposed control through the
eigenvalue evaluation of the system zero dynamic. The power
dynamics of MMC are designed as the second-order system
so that the control parameters can be easily determined to
satisfy the required transient specifications. Compared with the
conventional dq controller, the simulations in PSCAD/EMTDC
and the experimental results demonstrate the advantages of the
proposed control, i.e., compensating MMC inner dynamics,
eliminating PLL, guaranteeing power decoupling, and achieving
better power dynamics. After investigating the influences of the
control parameters, power system parameters, and the operating
points, the stability analysis shows that the stability of the MMC
with the proposed method can be guaranteed under the normal
operation condition covering the most operating region of the
MMC capacity limitation.

APPENDIX

The dynamics of the dc voltage and current of arms are as
follows:

i̇dc = − c1idc + c2vdc − 1

2
c2v

dc + 3c3
(
vω0

d vref
d + vω0

q vref
q

)
v̇dc =

2

3
c7idc − c8

(
idv

ref
d + iqv

ref
q

)
.

(A1)
The dynamics of the fundamental frequency voltage and

current of arms are as follows:

v̇ω0
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The dynamics of the second-order harmonic voltage and
current of arms are as follows:

v̇2ω0
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The coefficients of (A1), (A2), and (A3) are as follows:

c1 =
Rarm

Larm
, c2 =

3

Larm
, c3 =

c2

12Ṽdc
, c4 =

2R0 +Rarm

2L0 + Larm
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, c6 =

c5

Ṽdc
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4CSM
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3c7

4Ṽdc
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