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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 dqg 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

ODULAR multilevel converter (MMC) is the most at-
M 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.,
dg control, is widely applied. Meanwhile, the power decoupling
is performed in the dg control through the phase synchronization
with the phase-locked loop (PLL). Thus, the dg 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 dg control
need to be considered. The first problem is that, when the conven-
tional dg 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 dg 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 dg
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 dg
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 dg
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
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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 Cg,; is the
capacitance of submodule. L, and Ly are the inductances of
each arm and PCC connection, respectively. Ry, and Ry 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

di;
Vde — Sjpvjp - Rarmijp - me% = ’U;C
. di;n ac
— Ve + Sjn'an + Rarmzjn + Larmdijt =; (1)
Csnr dvj Csnr dvjp .
N a e Ty g S @)
. . di;
Vi = v; + Ry + Lo =2, 3)
dt
1 Ur_ef 1 Ur_ef
P S A TS B SN S A
Jp 9 V:jc J Jp 2 + ‘/;jc ( )

where v;,, vy, 75y, and i, are the equivalent capacitor voltages
and the arm currents of upper and lower arms, respectively. v
and vy, are the MMC ac-side and dc-side voltages, respectively.
v; is the phase j voltage of PCC bus. Sj, and S}, are the
switching functions of the upper and lower arms, respectively.
Vge is the nominal dc voltage of MMC and v;-ef 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

. ,de wo 2wo . _1 1 -2wo
Vjp =V + v; + v, tjp = 3de + 22‘7 + v
. _ ,dc _ wo 2wq s T _E'_ 2wo
Vjp =V v —|—vj y lin = 3de 5 J—i—zj )
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where v9°, v;“’, v?“"’ and iqc, 7j, i?“o 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 v}°, the dynamics of MMC in the dg reference frame
are given in Appendices (A1), (A2) and (A3). The corresponding
coefficients cy, . .., cg are expressed in (A4).

The active and reactive powers of PCC bus are expressed as
P =1.5(vgiqg + vgiq), Q= 1.5(vgiq — vaiq). (6)
Thus, based on (A2) and (6), the dynamics of the MMC

active and reactive powers are related to the 74, 4, vz‘l’o, vg’o,
2wg ref

v, vg‘“(’, v, and vfff, 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 @’ = [igc, v%°, iq, iq, v5°, VZ?,
ii“o,ig‘*’o,vj‘“o,v?"o], the system inputs as u; = 5T, ug =
vie!, and the system outputs as y1 = hy () = P,ys = ho(x) =

Q.

ref

& = f(x) + gi(x)us + g2(z)uz
y1 = hi(x) @)
y2 = ha(x).

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

2 2
9 | cos(f) cos(d— =m) cos(d+ =)

Tavesaq = 3 % %
—sin(f) —sin(0 — §7T) —sin(6 + gw)

®)

where 0 = wgt or 2wt.

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., dg control,
and the stationary reference frame control, i.e., a3 control [4].
By employing the phase-unsynchronized dg 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

z=f(x)+> ", gi(@)u;, i=1,...,m

y]_ j(w)v .]_ 7"'am
where x € R, f(x) and g;(x) are the nonlinear smooth vector
fields on f € R™ and g; € R, hj(x) are the nonlinear smooth
scalar functions. The definitions of the kth Lie derivative of
hj(z), Lg, L’}hj (x), with respect to f(x) and g;(x), are given
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by (10). And the relative order r; for the jth output y; is defined
by (11)

dh;
Lihy(z) = (;g(:’)f(x), LEhy(@) = Ly(Lh " hy(x)
OL%h;(x
Ly, Lijhi(@) = fai;()gi(w) (10)
kp . = = -
Lgithj(:r,) 0, k (3’,.7.1.,?“‘7 2 . (11
JNell,...,ml, LyLP 'hi(x) #£0

Then, the high-order derivatives of the system outputs y; with
the relative order r; can be expressed as

dy;
yS]:chhj(m), s=1,...,r;—1

" (12)
y T4 ’I‘j*l

P L) + S Lo L )

To achieve a linear relationship between one input and the
particular output y;, the coordinate mapping associated with the
new defined state variable €;(,) and the new defined input ¢;
can be selected as

€i(p) = L?h](x)7 p= 07' -y Ty _11
€j(ry) = L hj(@) + 3070 Lo, LY hj(x) - ui = 5.
(13)
Then, the original system shown in (9) will be transformed to
an input—output linearized and decoupled system shown as

n=fo € --)

€i(p) = €p+1), P=0,.0m5 =2
€i(r;—1) = €j(ry) = Pj

Yj = €(0)

(14)

wherery + -+ + 1y, = 19, € R0, If ryp = n, n 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 7 are the state variables of the
system zero dynamics. Therefore, according to (13), the original
system inputs u; are exhibited as

u=Cz)[p— a(x)] (15)

&l

where u Uy s Um)s @1 =01, 0m], a(x)l =

(L hj(x), ..., L™ hj(2)], and

Lo L 'hy(a) -+ Ly, L} hi(x)

C(z) = (16)

Lo L han () -+ Ly, Ly ()

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 y; possesses a relative order r;.

2) The matrix C(x) is nonsingular for all .
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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 = hq(z) = 1.5(vqiq + v4iq) and
y2 = ha(x) = 1.5(vgiq — vqiq), the relative orders of each out-
put in (7) are calculated as

Lg, LRy (x) = 1.5¢60q0" + 0.75¢6 (vav;™® + vgv2<°)

Lg, Lih () = 1.5¢6v,0% + 0.75¢6 (04050 + vqv2*?)
LglL(}hg(QB) 1.5¢cevqv 4 1 0.75¢6 (qud — UdUQ‘*"’)
Ly, L?hg (x) = —1.5c6v40% + 0.75¢6 (vdvd“’o + qug“’o)

(17)
and the relative orders of y; and ys are r; = ro = 1.
According to (16) and (17), the determinant of matrix C'(x)
is calculated and shown as follows:

det [C(x)] = Jecg(v +v7) [(v3°) + (v7°0)" = 4(v™)?] .
(18)
In the normal operation, the magnitude of PCC voltage is
nonzero, i.e., v3 + v # 0. Meanwhile, the value of v% is quite
greater than that of ( 5°)% + (v20)2. Thus, C () 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:

o] =3[ ] [ -2 ]

_ b v T _ [#r!
= M, < {b } + M, [U?f = sorzef (19)
where
b1 = cyiqg — wolq + 2¢5v4 + c505°
by = C4’iq + wptg + 2C5Uq + C5’U:;0
1
cev® + fc U ~ U
M, = 1 2 2 . (20)
50603“0 v — 566% 0
Following (19), the original input v'$" and vref are calculated
as follows:
i (AR )
- M + M (7L
[U;ef 1 b 0 <,02f
i 2U3w0 _ 4,Udc 2U§tJJ0 bl 4 b3 (21)
Tbo | 2020 2030 — 4o by + by
where
bo = co [(130)2 + (u20)? — 4(o%)?]
2
b = T ref
3 3(1}3 _1_1} )(Udsol +”q‘P2 )
2
b4 — 7(,0 (pre 0 (pref).
3('1)3 + 'Ug) 7l 2 (22)
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after input—output linearization.

Thus, the linearized relationships between the new inputs cf,

% 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
@ and . The MMC power dynamic response will be de-
51gned 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
P is given as follows:

8P = Py — 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) = ¢®(s), s0P(s) = Pe(s) — P(s). (24)
©(s) can be determined by P, Py, and 0 P as
P1(s) = G1(s)8P(s) + Ga(s)P(s) + G3(s) Per(s).  (25)
Then, combining (24) and (25), P can be expressed as
P(s) = Grls) + 5Gs(s) Pret(s). (26)

82 — SGQ(S) + Gl(S)
To achieve the desired dynamics, G1(s), Ga(s), and G3(s)
can be determined by

Gi(s) = wh, Ga(s) = —2¢pwp, G3(s) =0.

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

27

gagef = wiOP — 26pwpP, 6P =
or! = whiQ — 260woQ. 0Q = Qs — Q.

Pref*P

(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 £p, &g, wp, and wg. 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. 4. Block diagram of the proposed control.

power reference Prr and Qf, 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:

,’-7 = f6(777waua§Pa€Q7wP7wQ7’Ud>qu’UdC>
w=Aw-+ Bju

(1000
Y=1lo100| "

where n is the state variable vector of the system zero dy-
namic and " = [ige, v%, v5°, v%°, i, i, VAo, Ve, w is
the state variable vector of the system linearized dynamic and

wl =[P,Q,dP,5Q], u is the MMC input vector and u’ =
[Peef, Qref]- The matrices A; and B are given as

(29)

—2£pwP 0 UJ?;. 0 00
0 —2bowo 0 w? 00

Av=1 %2 ¢ 0 oQ v Bi=1y4] GO
0 —1 0 0 01

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. Ry, L7, and Cp
are the equivalent resistance, inductance, and capacitance of
T circuit, respectively. L and Cy are the smoothing inductor
and the grounding capacitor of dc system, respectively. The
parameters of two MMC:s 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.
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2 2
MMC1 % Loy p g Ry 1, g Lo M9 MMC2

PCC o Sona PCC

Bus 1 Tc, Bus 2

Ly Ro i TFC, Co - Ry Lo
le — +— Vi2
I < TcC C.T - I

P & I I ¢ Py,
o Vel > A <« V2 =0
l-(m LS T CT L‘Y (7%
Fig. 5. Two-terminal MMC-HVdc study system.
TABLE I
ELECTRIC PARAMETERS OF STUDY SYSTEM
Variables Unit Value Variables Unit Value
Cswm mF 20 Ry Q 6.365
Larm mH 0.1 Lr mH 466.85
Rarm Q 3 Cr uF 6.37
N 393 Ro Q 1
Ve kV 500 Lo mH 0.2
Lg mH 0.1 Cy uF 1

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 P of MMC
1 occurs from 70 to 220 MW at t = 9 s, meanwhile Q. 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 dg 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 P of MMC 1 has a step
change from 70 to 220 MW; meanwhile, the reactive power
reference Qf maintains 100 MVar. In case-2, Qs of MMC
1 has a step change from 100 to 270 MVar; meanwhile, P
maintains 70 MW. The active power, reactive power, 74, and 4,
of two cases are shown in Figs. 8 and 9, respectively. In these two
study cases, {p, g are 0.707 and wp, wq 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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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 ¢4 and i, including transients and steady-state in-
formation. Table II provides the details of the power calculation
at steady-state conditions containing v4 and v,. 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 dg 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
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Fig.7. Current dynamic responses of the MMC 1 and numerical comparisons
between PSCAD/EMTDC simulation and MATLAB solution. (a) ¢g4c. (b) i4. ()
. -2w0 2w(q

ig. (d) iy (e)ig °.

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, P has a step change
from 300 to 450 MW. In Fig. 11, Qs 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 Pr and Qer are 500 MW and —500 M Var,
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. (¢) ig- (d) iq-

to the compensation for the grid frequency drift. In Fig. 12(b)
and (c), vq, Vg, 14, and i, 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
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Fig. 9. Dynamic responses of power and current of MMC 1 in case-2. (a) P.
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TABLE I
POWER CALCULATION OF THE DQ AND THE PROPOSED CONTROL

Sty . .
Cha?lpge Vg Vg id iq P Q
The dg Control in case-1
Before 163.2993 0 0.2857 -0.4083  69.9819  100.0127
After 163.2993 0 0.8987 -0.4069  220.1356  99.6697
The Proposed Control in case-1
Before 81.5963 -141.4521 -0.2109 -0.4516  70.0067  100.0217
After 81.5963 -141.4521 0.09537  -0.9818  219.9893 99.9315
The dg Control in case-2
Before 163.2993 0 0.2858 -0.4082  70.0064  99.9882
After 163.2993 0 0.2861 -1.1023  70.0799  270.0073
The Proposed Control in case-2
Before 81.5963 -141.4521 -0.2109 -0.4515  69.9855 100.0095
After 81.5963 -141.4521 -0.8121 -0.7983  69.9853  270.0174
TABLE III
CASES OF CIRCUIT PARAMETER VARIATION
Parameters Circuit Controller
case-3 case-4 case-5 case-6
Arm 0.12 H
Inductance 0.1 H (+20%) 0.1 H 0.1 H 0.1 H
Arm 5Q
Resistance 30 30 (+66.7%) 30 30
PCC 0.15H
Inductance 02 H 02 H 02 H (25%) 02 H
PCC 0.7 ©
Resistance 12 1Q 1Q La (-30%)
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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.

= Reference = case-3 == case-4 == case-5 = case-6
305
5 200
; 300 v E 150
= \-; S100 Ne————-
295
4 4.05 4.1 4 4.05 4.1
t/s t/s
305 (a) (b)
> 5 200
Z 300 E 150
A S100 N
295
4 4.05 4.1 4 4.05 4.1
t/s t/s
(© (d)
5200
& 320 ~ 3
=310 AN = 150
A ,' Y o
300 N 100 -
4 4.05 4.1 4 4.05 4.1
t/s t/s
(© ()
305 .. 200
Z S 150
300
2
~ <100
295
4 4.05 4.1 4 4.05 4.1
t/s t/s
(& (h)

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 M Var. (a) and (b) are the results of case 3. (¢) and (d) are
the results of case 4. (e) and (f) are the results of case 5. And (g) and (h) are the
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Fig. 13.  Photograph of the experimental prototype.

AC Power
Source

| ve
B.
3
Neutral

Line

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
DC-link voltage, V. 150 V
SM capacitance, C's ar 1000 pF
Arm inductance, L gy 4.1 mH
Number SM of per arm, N 3
AC-tied inductance, Lg 10 mH
Resistor load, R;oqd 4.167
AC side frequency, fac 50 Hz
AC-link L-G RMS voltage, vg,p,c 35V
Semiconductor device FGH40T65UQDF
Tek Prevu [ 1 |
put Voltage 50V/div
[
B
N ) e
MMC Phase-A Upper
MMC Phase-A Lower{Arm Voltage 100V/div
Times 10ms/div
(a)
Tek Prevu [
MMC Three-Phase Oquut Current: 500mA/div
LARARAANRAN
Times 10ms/div
(b)
Fig. 15.  Experimental results of MMC without grid connection when the dc-

link voltage is 100 V and the resistor load is 100 €2, respectively. (a) MMC phase
a upper, lower, and output voltages. (b) MMC three-phase output currents.

when the resistor load is 100 2. These results confirm that the
prototype is working in good condition.

Then, Figs. 16 and 17 show the experimental results of the
dg 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, P, has a step change from
550 to 700 W; meanwhile, Q¢ keeps —400 Var. In Fig. 17, Qer
has a step change from —400 Var to —550 Var meanwhile P¢
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 dg 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 dg
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Fig. 16. Experimental results of MMC with the conventional dg controller
when Pir has a step change from 550 W to 700 W while Qe 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 dgq 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 1 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 dg controller
when Qrr has a step change from —400 Var to —550 Var while P.f maintains TABLE V
600 W.'(a) MMC output current. (b) Active power dynamics. (c) Reactive power MEASUREMENTS OF THE POWER ANALYZER FOR THE dg CONTROL
dynamics.
Py.cy step changing Qrcy step changing
Measurement Before After Before After
Tek Stop [ I = = 1 ] Vg 3501V 3517V 35.06 V 3503V
e vy 35.09 V 3521V 3514V 3513V
Ve 3475V 34.86 V 3479 V 3475V
ia 6.813 A 8.163 A 7.269 A 8.225 A
ip 6.886 A 8.280 A 7.361 A 8.352 A
Qe 6.592 A 7.897 A 7.030 A 7.987 A
P 574.1 W 740.6 W 629.8 W 6322 W
Q -416.2 Var -424.4 Var -419.6 Var -582.9 Var
TABLE VI
Times 200ms/div MEASUREMENTS OF THE POWER ANALYZER FOR THE PROPOSED CONTROL
@ 500 [2) ][zao i&okz‘/m © ][ 2 y2021]
(a) P,..; step changing Qrcy step changing
Measurement Before After Before After
700 Va 35.06 V 3519V 3513V 3517V
E vy 35.09 V 3515V 3513V 3511V
£ 600 ve 4T3V 3480 V 3477V 3476 V
500 ) ) ) ) ia 6.864 A 7.683 A 7.304 A 8.252 A
0 1 2 3 4 ip 6.771 A 7.535 A 7.207 A 8.137 A
tls ic 6.652 A 7.447 A 7.074 A 8.066 A
(b) P 5747 W 673.8 W 629.1 W 634.6 W
350 Q 414.5 Var 421.1 Var 417.9 Var 574.2 Var

§ -400
O -450
“00 ‘ . ‘ ‘ the parameters {p, o, wp, and wg. Hence, the MMC stability

0 1 2 3 4 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

Fig. 18.  Experimental results of MMC with the proposed controller when Pf which 1.s.affected t?y the power system parameters vq, Vg, Ude,
has a step change from 550 to 700 W while Qef maintains —400 Var. (a) MMC  the equilibrium point P, Qref, and the control parameters &p,

output current. (b) Active power dynamics. (c) Reactive power dynamics. £ 0> WP, WQ-
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TABLE VII
EIGENVALUE DISTRIBUTION OF DIFFERENT PARAMETER VARIATIONS

Varied . Varying Mf”f Mm
Parameter Varying Range Sicp Dev121£1§);1 Dev1a£1§)g
(x10 ) (x10 )
Equilibrium 1, P = 1500MW, Q = 100MV ar
V4, Vg Z0 :0 ~ 21 0.1 3.9464 0.9603
ép 0.1~5 0.01 4.6216 1.8565
13} 0.1~5 0.01 4.3781 1.4648
wp 1 ~ 800 1 4.1402 1.2397
wqQ 1 ~ 800 1 4.3651 1.1175
Equilibrium 2, P = —500MW, Q = 1100MV ar
Vg, Vq Z0:0 ~ 21 0.1 3.8199 1.0320
ép 0.1~5 0.01 5.2287 1.6314
[35) 0.1~5 0.01 4.6550 1.8466
wp 1 ~ 800 1 4.0323 1.6769
wq 1 ~ 800 1 4.3583 1.3066

Atfirst, the system zero dynamic stability is investigated along
with the varying control parameters {p, g, wp, and wg. Consid-
ering the impact of different equilibrium points, two operating
points P = 1500 MW, @ = 100 MVar, and P = —500 MW,
@ = 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 {p, g, wp, and wq
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 v, v, and vg.. To obtain
different values of vg and v, there are two methods: different
initial phase angle Z6 with constant phase voltage magnitude
|v], and constant 6 with different |v|. In the first situation, |v|
is 163.2993 kV and, along with the varying £6, 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 —7/3. 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 vg. 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 | MW and 1 M Var, respectively. To further validate
that the influences caused by the power system parameters are
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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 vq, 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 dg 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:

. 1
- , d f £
lge = — Clige + CoVde — €2V €+ 33 (V50U 4 ViU

. . ref . ref
Ve = =C7lgec — C8 (zdvd + 19V ) .

3

(AD)

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

2
. W 2w, ret 2w, ref
;0 = crig + WoUy wo 7308zdcvd — 2cg ( ig "’ +i5" v, )

2
%) . wo 2wq , ref 2wq , ref
0,0 = crlg — wovy” — 508zdc 208( vy — iy qu )
tg = — C4lq + wolq — 2¢5v4 — c50,° + ¢ Udcvzlef
1 ref  2wo ref 2wo
+ 5¢6 (Ud Vg T )
lg = — Calq — wWold — 2¢50q — C50,° + Cg vdcvref
+ lc (,Urefv2wo ,Uref,UQUJo) (A2)
6 \Yd Yq q “d :

2
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The dynamics of the second-order harmonic voltage and
current of arms are as follows:

-2,

wo wo - ref - ref
vy 0 = 2¢q zd + 2w v — g (zdvd — iqVq )

1'13‘*’0 = 2071'5“’0 — 2w0vd‘”° —cg ( ref 41 vret)
i3 = — iy + 20072 + 5 (V5OUFT — voul)
23‘00 = — Cligwo — ZWOZ'd +c3 ( a0 ref + 'UwO’Uref) (A3)
The coefficients of (A1), (A2), and (A3) are as follows:
- Ram cy = 3 cq = C2 s = 2Ry + Ram
1 — ) — 3 — = -
Larm Larm ’ 12Vdc 2LO + Larm
1 cs N 3cr
C5= 7,06 = =, (7 = 08 = —=—. (A4)
2LO + Larm ‘/dc 4CVSM 4‘/de
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