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Stability and Multiconstraint Operating Region of
Grid-Connected Modular Multilevel Converter Under
Grid Phase Disturbance

Yushuang Liu
Herbert Ho-Ching Iu

Abstract—Grid-connected converters may operate under grid
fault conditions, such as the short-/open-circuit and the transmis-
sion line switching, which may be accompanied by a phase angle
difference between the grid and converter. This variation will affect
the normal operation of the converter since its phase-locked loop
is not able to track the grid voltage phase angle immediately. In
this article, an instability phenomenon with unregulated ac line
current is identified in a modular multilevel converter (MMC)
based high-voltage direct-current transmission system when there
is a sudden phase angle change on the grid side. A set of analytical
constraints is developed for the MMC in terms of the Lyapunov
stability, the modulation index, and the maximum power transfer
capability. Then, a multiconstraint operating region of the MMC
under various phase disturbances is derived. Moreover, the param-
eter influence on the operating region is analyzed and two stability-
enhancing methods for the MMC system are proposed. Finally,
the boundaries of the operating region and the stability-enhancing
methods are verified by simulations and laboratory measurements
of three-phase grid-connected MMCs.

Index Terms—Grid phase disturbance, modular multilevel
converter (MMC), operating region, stability analysis.

1. INTRODUCTION

IGH-VOLTAGE direct-current (HVdc) transmission sys-
I I tems play an important role in modern power grids [ 1]-[4].
In practical HVdc systems, the modular multilevel converter
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(MMC) is a widely used topology for the ac—dc conversion,
thanks to its modularity, flexibility, high power capacity, and
high-efficiency characteristics [5], [6]. The application of high-
power MMCs has changed the characteristics of power systems
to a large extent, and the operating states of the MMCs have
significantly affected the safe operation of the entire power
system [7]. Thus, it is of practical importance to analyze the
stability of MMC-HVDC systems.

Since the MMC connects to the ac grid and suffers from
various nonideal grid conditions, stability studies are widely
performed in the literature. The dynamic behavior of the MMC
has been shown to depend upon system parameters and con-
trol methods. In [8]-[10], impedance-based methods have been
adopted to study the small-signal stability and the interaction
between the weak ac grid and the MMC when the system
operates with different parameters. In [11] and [12], eigenvalue
analysis methods based on state-space models have been used to
assess the dynamics of MMC systems with advanced controllers.
However, the steady-state analysis ignores the potential phase
difference between the grid voltage and the converter output.

One particular scenario is that the phase angle of grid voltage
changes due to grid faults. This can be caused by short-circuits or
open-circuits of ac transmission lines or line switching. During
the postfault transient process, the phase-locked loop (PLL) will
try toresynchronize with the ac grid. In these cases, the PLL can-
not track the phase disturbance immediately because it is usually
designed to have limited bandwidth to ensure system stability.
Therefore, the grid-connected converter will be working with a
significant phase difference with the ac grid and the converter’s
output voltage/current may be unregulated while a large amount
of reactive current would be injected into the grid.

The existing studies are mainly focusing on the tracking
performance of the PLL. The synchronization mechanism of the
PLL is modeled and analyzed in [13] and [14], and the possible
instability is identified considering small disturbances around its
working state. Recently, the tracking performance of the PLL
under large disturbances from the power grid, which can be
treated as the transient stability of the system, is attracting much
more attention. In [15]-[17], the transient stability of the PLL is
analyzed by plotting the trajectories of the equilibrium points in
power—angle curves and phase portraits. In [18], a time-domain
analytical expression of the PLL is proposed and the system
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stability is assessed by calculating the PLL’s output phase angle
under disturbances. In [19], the energy function model of the
PLL is established to derive the large-signal stability boundaries.
Moreover, to tackle the instability of the PLL under grid phase
disturbances, improved control methods for the PLL have been
investigated. In [20], a frozen PLL structure has been studied
in a conventional voltage source converter (VSC) to guarantee
stability during severe faults with phase jumps. In [21], a phase
jump compensation scheme of the PLL has been proposed to
enhance the robustness of the PLL under grid faults, such as
phase jumps without considering the structure of the converter.
These studies have highlighted the risk of transient instability
triggered by unstable PLLs when parameters of the PLLs are
inappropriately selected or the system operates under complex
grid conditions, such as faults on transmission lines, losses of
generators, or large load swings in power grids [15].

However, for simplicity, the control loop is usually assumed
stable during the transient process in the above-mentioned stud-
ies. It is worth noticing that the grid-connected converter may
suffer from stability problems, while a stable PLL is tracking
the power grid voltage disturbance. The instability, in this case,
may be induced by the action of the control loop when there is
a phase difference between the grid phase angle and the output
phase of the PLL. For example, Tian et al. [22] have shown
that the voltage phase jump may destroy the dg-axis decoupling
performance of the control loop and destabilize the converter
even if the PLL works normally. Actually, during the postfault
tracking process, the performance of the control loop in the
grid-connected MMC system is still unexplored in literature.

In view of the criticality of the abovementioned issue, this ar-
ticle focuses on investigating the stability of the grid-connected
MMC under a grid-converter phase difference induced by a large
phase disturbance. The responses of the current control, the
circulating current control, and the modulation are considered
while the phase disturbance occurs. In the following content,
we derive the operating region of the grid-connected MMC sys-
tem with current commands serving as parameters and propose
effective methods to improve the stability of the MMC system
under grid phase disturbances.

II. TRANSIENT RESPONSE OF MMC UNDER GRID
PHASE DISTURBANCE

Fig. 1 shows a scenario of the grid phase disturbance, which
is caused by an open-circuit fault in the transmission line of
the grid. For the ac power grid, assume that the voltage at the
point of common coupling (PCC), V,£0,, is supported by an
MMC-HVdc system and transmits through a serial transmission
line X7, and two parallel transmission lines Xjine1 and Xjineo. The
two parallel transmission lines are connected to an infinite bus,
whose voltage is fixed at Vi,us Z0pys-

With the open-circuit fault shown in Fig. 1(a), the equivalent
impedance between the PCC and the infinite bus before and after
the fault can be represented by X; and X5 respectively, where X
= X1, + Xiine1 || Xiine2) and X = X1, + Xiine1. The equivalent
impedance changes due to the grid fault. As the MMC-HVdc
system is able to inject reactive current to support the PCC
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Fig. 1. Phase disturbance of power grid. (a) Circuit fault in the power grid.
(b) Phasor diagram of the grid. (c) Limit case of phase jump. (Black arrows and
subscript 1: prefault condition; red arrows and subscript 2: postfault condition).
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Structure of the MMC-HVdc system.

voltage, the amplitude of V, can be regarded as a constant [23].
Thus, the PCC voltage V,£60,, which is also the grid voltage in
this scenario, only varies in phase in the analysis.

When the equivalent impedance X; increases to X» due to
the grid fault, the voltage drops over the equivalent impedance
142X will be larger. Thus, the voltage phase of the power grid
Vg is varied accordingly, resulting in a phase jump (Af,) of
the power grid, as shown in Fig. 1(b). However, since there is no
equilibrium point when the voltage phase difference between the
infinite bus and the PCC exceeds 90° [15], the grid phase jump
is limited accordingly, as shown in Fig. 1(c). In this case, the
initial grid voltage Vg is in phase with the infinite bus voltage
Vius. After the fault, the voltage of the power grid Vg leads
the infinite bus voltage Vius by 90°. If the postfault grid voltage
phase further increases, the grid-connected system will collapse,
because the system loses its equilibrium point.

In general, the MMC-HVdc system can recover to its normal
operation after a slight grid phase change, thanks to the track-
ing ability of the PLL and the control loop, provided that the
variation of grid voltage phase angle is within a certain range.
However, the PLL and the control loop may fail to work if the
phase change is acute.

The scenario of a three-phase 21-level MMC-HVdc system
under the grid voltage phase disturbance is presented on the
PSCAD/EMTDC platform. The MMC-HVdc system is shown
in Fig. 2, and the topology of the MMC is presented in Fig. 3.
Here, we take the MMC at the inverter side (MMC2) as an
example. The parameters of MMC?2 are listed in Table I. The
controller of this system is given based on [24]. The commonly
used dg-frame control loop is adopted, including an inner current
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Fig. 3. Topology of a three-phase MMC.

TABLE 1
SYSTEM PARAMETERS OF A THREE-PHASE 21-LEVEL MMC AT INVERTER SIDE

System Parameter Value
Rated DC voltage Ve 40 kV
Number of SMs per arm N 20
AC line resistance R, 0.1Q
AC equivalent inductance L, 0.1 mH
Arm inductance L, 4 mH
Arm equivalent resistance Ry 0.1Q
SM capacitance C 13 mF
AC line voltage (RMS) v, 23 kV

control loop, a circulating current control loop, and an outer
power control loop, which consists of an active power loop and a
reactive power loop. The capacitor voltage balancing is realized
by a sorting algorithm [25]. And the modulation method is the
nearest level modulation (NLM).

Typically, the PLL adjusts the output phase angle in the event
of the phase variation. To simplify the analysis, the initial phase
angle 0 before the phase variation is set as zero, and the phase
angle of the grid voltage changes from 6, to 6y + A6, during
the fault.

When the grid voltage phase angle suddenly changes to 85° at
1 s, the system enters an abnormal operating state, as shown in
Fig. 4. In Fig. 4(a), the active power drops rapidly and flows in
the opposite direction, while the reactive power rises excessively.
The system may suffer from high current stress. From Fig. 4(b),
it can be found that the PLL is still trying to track the phase
angle of the ac grid voltage, although the response time could
take about 100 ms [26], during which there is a phase difference
between the grid voltage phase angle and the output phase
of the PLL. In Fig. 4(c), the dg-axis current references vary
dramatically as soon as the grid voltage phase angle changes.
The d-axis reference current rises to around 280 kA immediately
and exceeds the range within which the system can maintain
stability. Thus, the ac current shows an overshoot and distortion
phenomenon during the PLL’s transient response process, as
shown in Fig. 4(d).

In this article, the case under study is in such a transient
process, as shown in Fig. 4. After the grid phase disturbance,
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Fig. 4.  Unstable phenomenon of MMC when A6, = 85°. (a) Active power
and reactive power P/Q. (b) Grid and PLL output phdse angle Opr,1./60. (c)
dg-axis reference current i gref /igref, (d) AC current in phase a igq.

there is excessive reactive power injected into the grid-connected
system, which makes the system operate with a nonunity power
factor during a transient process. Besides, in the process of
nonunity power factor operation shown in Fig. 4, there are two
different operation modes with a stable PLL. The first one is that
the phase difference between the grid voltage and the output of
the PLL has not been eliminated by the tracking capability of
the PLL, as shown in the response process during 1-1.1 s in
Fig. 4(b). The second one is that the phase difference becomes
zero after the adjustment of the PLL but the reactive power still
exists in the system, as shown in the waveform after 1.1 s in
Fig. 4(b). In this article, the case we focus on is similar to the
process during the period from 1 to 1.1 s in Fig. 4(b) when there
is a phase difference between the grid voltage and the output of
the PLL after the grid disturbance.

From the simulation results, although the PLL is stable and
attempts to track the variation of the grid voltage phase, the
converter still injects an unregulated ac current into the power
grid since the current references exceed a certain value. Then,
the whole system would become unstable during the postfault
transient process. Therefore, it is meaningful to investigate the
operating region of the converter that operates with a phase
difference between the grid voltage phase angle and the output
phase of the PLL with various current command ranges. This
operating region, if described in terms of a common set of
practical parameters, will be highly relevant to the safe operation
and the design of the internal protection for the MMC-HVdc
system.

As the response time of the power loop always exceeds 100
ms, the dynamics of the power loop has little significance to
the transient process within 100 ms after the grid fault. Hence,
we mainly focus on the remaining part of the system including
the current control loop, the circulating current control loop, and
modulation. For simplicity, we maintain a fixed phase difference
between the grid voltage phase angle and the output phase of the
PLL by setting the output phase angle of the PLL as the initial
grid phase angle before phase variation occurs. This setting is
consistent with the practice since the PLL is usually designed to
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be much slower than the current loops and may track the phase
in several line cycles.

III. MULTICONSTRAINT OPERATING REGIONS

In order to consider the characteristics of MMCs, such as
the circulating currents and the voltage ripples of submodule
(SM) capacitors, we establish the model of the three-phase MMC
by deriving differential equations of each harmonic component
of the SM capacitor voltages and the arm currents. The circuit
topology is shown in Fig. 3.

Since grid phase disturbances affect the converter by changing
the dg-axis voltages at PCC, it is important to calculate the
dg-axis voltages v4q and v4,. As mentioned earlier, the output
phase angle of the PLL is kept at the value before the grid phase
variation, i.e., Opr1, = 04, = wt + 0. Setting the initial phase
angle of the power grid 6 as zero, the output phase of the PLL
Opr1 is kept as wt. Also, the grid phase angle after the variation
can be written as 0, = wt + 6y + Ad,. Therefore, Af, can be
regarded as the phase difference between the grid voltage phase
angle and the output phase of the PLL.

Based on the abc-dg0 transformation matrix (1), the grid
voltages in the d-axis and g-axis, denoted as v,q and v, can
be calculated as (2).

coswt cos(wt — 27 /3) cos(wt + 27/3)

Ty = = | sinwt sin(wt — 27/3) sin(wt + 27/3) (1)
1/2 1/2 1/2
Vga = Vi cos(wt — 0,") = V,,, cos A, 2)
Vgq = Vi sin(wt — 0,) = —V,,,sin/Ad,,.

Then, we can establish the dynamic equations of the capacitor
voltages of SMs and arm currents to reflect the dynamic char-
acteristics of the MMC. Assuming that the dc voltages of SMs
in an arm are the same, an average switching model for a single
arm can be described as

C%er = 8,
3
{cdg;n = Snin ©

where v, and v.,, represent the average capacitor voltages in
the upper and the lower arm, respectively. S, and S,, represent
the average switching functions of the upper and the lower arm,
i.e.,

— 1 1,0 Yeir
Sp=g5+3m Vae *

In (4), m is the modulation ratio and can be calculated as
2e,%/Vq. [24], where e,* is the output voltage of the control
loop and is also the reference value of the equivalent output
voltage of the MMC e,. v, represents the voltage command
generated by the circulating current controller.

Because the arm currents can be calculated by the dc current
iqc, the ac gird current iy, and the circulating current ic;,, the
currents in upper and lower arms can be written as

®

. 1 1. .
{ p = 3ldc + 5lg + teir
1

_ . 1 . .
n — gldc - §Zg + tcir-
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From (3), (4), and (5), it can be known that the capacitor volt-
age v, mainly consists of the dc component v, the fundamental
frequency component v.1, the second-order component v.o, and
the third-order component v_3, i.e.,

Ve = Ve + Vel + Ve2 + Ucs. (6)

Considering that the dc components and the second-order
components in upper arms are the same as those in lower arms,
and the fundamental frequency components and the third-order
components in upper arms are of the opposite sign with those in
lower arms, we can take the upper arm as an example to analyze
the dynamics of the arm current and the SM voltage.

Substituting (4) and (5) into (3), each component of the
capacitor voltage in the upper arm can be obtained [24]. Then, the
differential equations of v.q, V.1, V2, and v.3 in the dqg rotating
coordinate can be expressed as eq. (7) bottom of the next page,
where e,4* and e,," are reference values of equivalent output
voltages of the MMC e, in the dg-axis.

Besides, according to the relationship between the arm voltage
and the capacitor voltage, i.e., v, = S,Nv,, the dc component
V0, the fundamental frequency component v,,1, and the second-
order component v, of the upper arm voltage can be derived,
as shown in [24].

Then, applying KVL to the MMC inverter, the differential
equations of the dc current, the ac current, and the circulating
current can be calculated as

didC — SVdC RO N

dt — 2Lo Lo 'dc T Ty Up0

dig — _Reqi _ Yg _ Yp1 (8)
dat Lo Teq  Leq

diciy — _Ro; —_ Up2

dt Lg “cir Lo

where Lqq and R.q represent the equivalentinductance Lac+Lo/2
and equivalent resistance R,.+Ry /2, respectively.

Transforming (8) into the dg rotating reference frame, the
dynamic equations of the dc current, the dg-axis ac current, and
the dg-axis circulating current are shown as eq. (9) bottom of
the next page,

According to the control equation of the current control loop,
eyq” and e, " can be given as

{ evd* = Vgd + WLeqiq + kpl (idref - Zd) + kilxl (10)

evq* = Vgq — WLeqid + kpl (iqref - Zq) + kile

where dx/dt = igret — ig and dxo/dt = igref — iq. igret and igref
represent the reference values of iy and i, respectively. k1 and
ki1, respectively are the proportional gain and the integral gain
of the current loop.

Also, the circulating current controller is designed as follows:

{ Veirzd = 2wLolciraq + kp2 (civ2dret — Feir2d) + Ki2T3
Ucir2q = _ZWLOiCier + ka (icirquef - icirQq) + ki2x4
(11D

where dX3/dl = icir2 dref — id and dX4/dl =i cir2 gref — iq- i cir2dref
and icir2qrer are always given as zero in the circulating current
controller. k2 and k;o are the proportional gain and the integral
gain of the circulating current controller.

Combining equations (2), (7), and (9)—(11), the model of the
three-phase 21-level MMC with the current control loop and
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circulating current control loop can be described by a set of 16
equations.

By setting state variables x = [V¢0, Veids Vel g Ve2ds Ve2 g Ve ds
Vesgs ides ds gy icir2ds fcir2 g» X1, X2, X3, X4]T, and input variables
u = [idrefv iqref’ icir2 dref> icir2 qref> Vdc, Aag]Ta the state-space
model of the MMC can be written as @ = f(x, u).

A. Lyapunov Stability Boundary

One of the main origins of the unstable operation of the MMC
system is the instability of the control loops including the current
control loop and the circulating current control loop. Thus, the
Lyapunov method is used to assess the stability of the MMC
system at a new operating point under the grid phase disturbance
and derive the boundaries of the MMC system when the control
loops lose stability.

To analyze the stability of the MMC at the new operating
point, the equilibrium point X can be solved by setting the
time derivatives to zero. The Jacobian matrix J(X ) around this
equilibrium point can be derived as

of

Ox =X

A.

J(Xo) = - (12)

Q

Solving the characteristic equation of the system, det |AI-A|
= 0, the system stability can be assessed by analyzing the signs
of the real parts of eigenvalues. For a certain set of reference
currents, such as the operating point when the d-axis reference
current i gror is 2 kA and the g-axis reference current i gyer is —10
kA, the root locus of the system as Af, increases, as shown
in Fig. 5. A pair of eigenvalues of the system when it =
2 kA and iy er = —10 kA will cross the imaginary axis. The
root locus indicates that the system tends to be unstable with
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the increase of Ad, in the range from 0° to 90°. However, the
tendency analyzed in a certain set of reference currents is not
universal during the postfault transient process because the dg-
axis reference currents are time varying after the grid fault. Thus,
the stability of the system with all possible dg-axis reference
currents under different Ad, should be analyzed.

By analyzing the eigenvalues with all possible reference
currents under some phase differences, the Lyapunov stability
boundaries described with the dg-axis reference currents when
the phase difference is 0°, 30°, 60°, and 90° can be given to show
the stability analysis results. The Lyapunov stability boundaries
presented in Fig. 6 are obtained with the following steps: 1)
calculating the eigenvalues with all possible reference currents
under a certain A6 ,; 2) marking the operating points composed
of igrer and i4ror when the real parts of all the eigenvalues are
negative in igref-igrer plane; 3) plotting the boundary of these
points. It should be noted that i ..t cannot be regarded as zero
during the eigenvalue analysis because the reactive power cannot
be ignored as many previous works do [8]-[12]. Comparing the
Lyapunov stability boundaries when the phase difference Af, is

dveg _ ide €yqld Cuqlq

Veir2dlcir2d __

Vcir2qleir2q

dt — 6C ~ 4CVy.  4CVg.

2CVye
Veir2dld

2CVgc
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Fig.6. Lyapunov stability boundaries with only current control and circulating
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equal to 0°, 30°, 60°, and 90°, as shown in Fig. 6, the Lyapunov
stability boundaries tend to rotate as Af, varies.

If the reference currents are in the unstable regions of Fig. 6,
there is at least a pair of eigenvalues in the right-half plane of
the complex frequency plane. The MMC will not maintain its
stability due to the instability of the control loops. If the reference
currents are in the stable regions, all the eigenvalues are in the
left-half plane of the complex frequency plane. The control loops
of the MMC will work normally. Thus, the physical meaning of
the Lyapunov stability boundary is the dg-axis critical reference
currents with which a pair of eigenvalues is on the imaginary
axis when the system operates with a phase difference between
the grid voltage and the PLL. Although the control loops are
able to operate well in the stable regions, there is still a possi-
bility for the MMC system to become unsafe because of other
constraints.

B. Modulation Boundary

Since the switching frequency is relatively low in the MMC-
HVdc system, a large number of harmonic currents will be
expected when the converter enters an overmodulation region.
Therefore, the modulation could be an important constraint for
the system. Once the reference currents i gyef and i4rer €xceed the
modulation boundary, the operation mode of the system will be
different.

With the increase of igrer and ig.er after grid faults, the
output reference voltages e, ¢* and e, ,* can also grow according
to the current loop control. In the NLM process, once the
amplitude of the output reference voltage of the control loop

e =

v = A/ € d2 + e q2 exceeds the maximum value of the output

step voltage e, n1,m, the MMC may operate in an overmodulation
mode.
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In the NLM, when ignoring the harmonic components of the
capacitor voltage of SMs, e, nr can be given as [27]

W S 1|&
EuNLM = E 7 E cos(ha) | sin(hwt)  (13)
h=1,35"" |i=1

where Vo represents the steady-state value of the dc component
of SM capacitor voltages. h represents the Ath harmonic com-
ponent. «; is the ith electrical angle in a quarter fundamental
period, which can be obtained by [28]

«; = arcsin | (i — = .
2) ex.,

Regarding the equivalent output voltage of the MMC e, as
the fundamental component of e, n1 ., €, can be written as

(14)

4 c0 .
€y = (cosag + cosag + -+ - + cosan ) sinwt.
T 2

5)

Substituting (14) into (15), the amplitude of the equivalent
output voltage of the MMC e,,,, in the overmodulation region
can be calculated as

Voo \’ 3V \?
1-— 1-—
\/ (262777) - \/ (262771

4V

™

evm

N — 1)V 1?
+---+\/1—{(*)°} (16)
2et,,
Thus, e,,, may become saturated at
2NV,
€ym,saturated = lim Com = 0 . (]7)
€ — 0 s

Substituting €., saturated With its voltage components in the
dg-axis, (17) can be written as

2 + 2 o 2N‘/CO
evd,saturated e'uq,saturated - T .

Thus, when the system operates in an overmodulation mode,
the output voltage amplitude of the current loop e, * is expected
to exceed the maximum value of e,nr - This operating mode
can lead to the saturation of e,q and e, as shown in (18). The
saturation of e, and e,,, may further induce the saturation of the
dg-axis currents i g and i,. If i and i, cannot follow the variation
of the reference currents ijror and igrer, the output reference
voltages e, 4% and e,,* may increase continuously under the
influence of the current loop. As a result, positive feedback can
be formed between the current loop and the modulation module,
which can cause the divergence of e, 4x and e, *.

When e, is far greater than NV(/2, the maximum value of
the output step voltage e, N1, the MMC may operate in a mode
that the SMs in one arm are all connected and the SMs in the
other arm of the same phase are all bypassed. The duty ratio of
this mode may rise significantly until e, N1,m becomes a square
wave, which may cause severe distortions of e,,.

The equivalent output voltage of the MMC inverter e,, can be
calculated by v,,/2 — v,/2. Considering the dc component v,
= Vp0, the second-order component v, = v,2, and ignoring
harmonics in higher orders, the equivalent output voltage of

(18)
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the MMC can be calculated as e, = v,1/2 — vp1/2 = —vp1.
Substituting —v,,; into (8) with e,, and transforming the second
equation in (8) into the dq reference frame, we get

Leq gt =
L dig

eqa @ — Cvg T

= €yd — Reqlid — Vga — Wleqiq

19
Rediy (19)

— Vgq + Wheqiq-

The saturated values of ¢,,4 and e, can be calculated by (19)
because the currents in the dq reference frame are also saturated
and their time derivatives can be ignored, i.e.,

{ €yd,saturated = Ugd T Reqid,saturated + WLeqiq,saturated
€yq,saturated = Ugq T Reqiq,saturated - WLeqid,saturated

(20)
where i saturated and g saturated are the saturated values of the
currents in the d and g axes, respectively.

In this article, i4 saturated and iy saturated are considered as
the critical values below which i4 and i, are able to follow ig;cf
and i4,c¢. The ranges of the reference currents igyer and igrer in
the modulation region can be given in (21) shown at the bottom
of this page.

According to the relationship of iger and igper in (21), the
modulation boundaries of it and i4.ef under various phase
differences between the grid voltage phase angle and the output
phase of the PLL are presented in Fig. 7.

As shown in Fig. 7, when there is a phase difference between
the grid voltage and the PLL, if ijyor and igper are in the cor-
responding modulation region, the equivalent output voltage of
the MMC e, is a standard sinusoidal waveform. However, if
igrer and i4.cr are in the overmodulation region, the amplitude
of the modulation wave e, * is far greater than the maximum
value of the output step voltage e,nrm SO that e,nryv may
become a square wave and the equivalent output voltage of the
MMC e, will be saturated at 2NV.o/m. The saturation of the
equivalent output voltage caused by the overmodulation will
lead to the distortion of the MMC'’s output voltage and cause
severe harmonic problems of the grid-connected system.
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C. Maximum Power Transfer Boundary

In addition, since excessive active power in the system may
cause high current stress and the destruction of electronic de-
vices, the active power transferred between the power grid and
the converter should be limited.

When the MMC operates in a rectifier mode, the reference
currents igref and iger can be constrained by the maximum
power, i.e.,

V2

_rms

4Req ~ 3!

+ Z‘grcf)]

where V,,s is the root-mean-square (RMS) voltage of the ac
grid. Moreover, when the MMC operates as an inverter, the
reference currents ig,er and ig.ef can be constrained by

Pmaxl Ugdidref + 'quiqref + Req(i?lref

(22)

Vd2 3 . . .2
Pmax2 = m > i[ﬂgdldref + Vgqlqref + Req(ldref
+ igref)] (23)

where R.qpc = 2R(/3 represents the equivalent resistance at the
dc side.

When the MMC operates as an inverter, the boundary con-
strained by the maximum power transfer capability will cover
a wide range including the whole modulation region. Thus,
(23) does not contribute to the final operating regions. The
maximum power transfer boundaries described by i grer and i gref
are mainly determined by (22). If the values of igyer and igrer
exceed the maximum power transfer boundary, the power that
should be transferred by the system is larger than the maximum
power transfer capability, and thus, the system cannot find an
equilibrium point.

D. Multiconstraint Operating Region

Combining the Lyapunov stability boundaries, the modulation
boundaries, and the maximum power transfer boundaries, the
comprehensive operating regions of the MMC under different
phase differences can be obtained, as shown in Fig. 8. With
the variation of Af, the operation areas are different. When
the reference currents i4yef and igrer Stay within the operation
areas under different Af ;, the MMC is able to operate normally.
However, if the reference currents exceed any boundaries under a
certain Ad,, the system will fail to work owing to the instability
of the control loops, the modulation limitation, or the power
transfer capability.

If the phase difference between the grid voltage phase angle
and the output phase of the PLL is less than 90°, the common
operating region is shown in Fig. 9. The shadow area is the
common stable region where the system can operate normally
with any phase angle variation under 90°. When the reference
currents i gref and i 4yef vary within the shadow area, the MMC can

. . 2 . .
\/(Ugd + chzdrcf + Wchqucf) +(qu + chzqrcf - WchZdrcf)Q S

2NV
T

21
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shadow part is the absolute safe operating region of MMC under various phase
differences.

always maintain safe operation as long as the phase difference
A is less than 90°.

E. Comparison of Operating Region Between MMC and VSC

The operating region derivation method can be used not only
in MMCs but also in two-level VSCs. However, the operating re-
gion of the VSC may be different from that of the MMC because
the internal characteristics of the MMC such as the circulating
current and the capacitor voltage ripples will not occur in the
VSC. The comparison of the common multiconstraint operating
region between the MMC and the VSC when A6, <90° is given
in Fig. 10. The shadow area and the orange area represent the ab-
solute safe operating regions of the MMC and the VSC with the
same parameters under various phase differences. Comparing
these two areas, the common multiconstraint operating region
of the VSC includes the whole operating region of the MMC
even if the equivalent parameters of these two converters are the
same. It is because the Lyapunov boundaries of the MMC are
reduced under the influence of the circulating current. However,
the modulation boundaries and the maximum power transfer
boundaries cannot be affected by the internal characteristics of
the MMC. Hence, the main difference of the common operating
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region between the MMC and the VSC is the Lyapunov stability
boundary influenced by the internal characteristics of the MMC.

IV. PARAMETER INFLUENCE AND STABILITY
IMPROVEMENT METHOD

From the analysis above, it can be known that the operating
region will be affected by the parameters of the MMC system.
However, the way in which the operating region changes with
varied parameters is still unknown. In this section, the param-
eter influence on the common multiconstraint operating region
under phase disturbances is analyzed. Based on the parameter
influence, two effective methods are proposed to enhance the
stability of MMCs under grid phase disturbances.

A. Parameter Influence on Multiconstraint Operating Region

To analyze the change of the common multiconstraint operat-
ing region under different parameters, operating regions of the
three-phase 21-level MMC with a different proportional gain of
the current loop k1, proportional gain of the circulating current
controller ko, arm resistance Ry, and arm inductance L, are
presented in Fig. 11. The areas enclosed by blue dashed lines
represent the common multiconstraint operating region with the
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same parameters as Fig. 9, where k1 = 1, kp2 = 1, Rg = 0.1 Q,
and Ly =4 mH. The blue solid lines represent the multiconstraint
operating regions when A, = 30°, as shown in Fig. 8(b). The
shadow areas enclosed by operating regions under the phase
variation of 0°, 30°, 60°, and 90° are the common operating
regions with a decreased parameter. From Fig. 11, it can be seen
that the size of the common operating region is related to the
parameters of MMC systems.

Comparing the multiconstraint operating regions with dif-
ferent parameters under a given phase difference (e.g., 30°),
the system parameters affecting the common operating region
can be identified. In Fig. 11(a), the multiconstraint operating
regions with different k,; when Af, = 30° can be compared.
Since a smaller proportional gain of the inner current loop
kp1 can cause the situation that the real parts of the system
eigenvalues remain negative in more operating points and im-
prove the stability of the system, the Lyapunov boundary will
become larger with a smaller k,,;. However, when combining
multiconstraint operating regions with different A, under 90°,
the common operating region may not be affected by k1, as
shown in Fig. 11(a). Similarly, with a smaller ko, the stability
boundary changes as Fig. 11(b). Combining operating regions
with different A, under 90°, the common operating region will
become smaller, as shown in Fig. 11(b). Since the arm resistance
Ry has an influence on the modulation index and the maximum
power transfer capability as presented in (21) and (22), the
arm resistance Ry will change the other two boundaries, apart
from the Lyapunov boundary. As shown in Fig. 11(c), the area
surrounded by the maximum power transfer boundary and the
modulation boundary becomes larger with a decreased R, and
thus, the common operating region becomes larger. In Fig. 11(d),
a decreased arm inductance L enlarges the Lyapunov boundary
and the modulation boundary, extending the common operating
region. From Fig. 11, it can be found that the system will have
a larger common operating region with smaller Ly, Ry or larger
kpa.

Furthermore, the influences of system parameters on the
different boundaries are summarized in Table II. The table
shows the variation trend of different boundaries with declined
system parameters. From the table, it can be concluded that
the control parameters (such as k1, k;1, kp2, and k;2) and the
value of the capacitor voltage C only have an influence on the
Lyapunov stability boundary of the system. Several parameters
of them, such as k1, k;1, k;2, and C, may not affect the com-
mon multiconstraint operating region. However, other circuit
parameters will change not only the Lyapunov stability boundary
but also the modulation boundary and the maximum power
transfer boundary. For example, the resistance parameters R,
R and the amplitude of the ac voltage V,,, will have an impact
on both the modulation boundary and the maximum power
transfer boundary, apart from the Lyapunov boundary. The
inductance parameters L,., Ly and the value of dc voltage V.
will only affect the Lyapunov stability boundary and the modu-
lation boundary. Thus, once these circuit parameters change,
the common multiconstraint operating region will become
different.
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TABLE II
PARAMETER INFLUENCE ON DIFFERENT BOUNDARIES

Maximum Multi-

Parameter L:;:g }llic;v Modulation power constra_lint Ocsergggrgl
boundary boundary transfer operating region
boundary region

ol 1 1 ! 1 1
Vael ! I A i !
Racl T 1 1 1 1
Lil 1 f A 1 1
Rol T 1 1 1 1
Lol 1 f A 1 1
fel) 1 A A 1 A
kol T A A il A
kil T VAN A il VAN
kpal T A A T !
kil l A A | JAN

(1: Extension; |: reduction; 1|: extension and reduction in different segments;
A keeping unchanged.)

Hard Limiter

Fig. 12.  Control diagram of limiting the dg-axis reference currents.

B. Stability Improvement Method

To enhance the stability of the system under grid phase
disturbances, there are two methods proposed in this article.

The first one is to limit the values of the dg-axis reference cur-
rents i gref /i gref Within the operating region. Adding hard limiters
in the current loop can limit the increase of the reference currents
effectively, as shown in Fig. 12. The limit values of i gref and i gref
can be set as the maximum and minimum values of the common
multiconstraint operating region. However, this method cannot
eliminate the instability risks completely. As shown in Fig. 9,
the red block represents the limitation area of reference currents.
Although most part of the limitation area is within the common
multiconstraint operating region (shadow area), there is still a
small area out of the common multiconstraint operating region
where the system cannot maintain stable. Thus, the method of
limiting the values of the dg-axis reference currents igyef /igret
is not completely safe, despite of its simplicity.

The second one is to enlarge the common multiconstraint
operating region. Because the size of the common multicon-
straint operating region is affected by the parameters of MMC
systems, adjusting the essential parameters of MMC systems
appropriately can enlarge the operating region. From the conclu-
sion of the parameter influence and the common multiconstraint
operating region with different parameters shown in Fig. 11,
it can be known that the stability of the grid-connected MMC
system can be improved by using a smaller arm resistance R
or arm inductance Ly or increasing the proportional gain of
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Fig.13.  Transient waveforms with i 4;.c¢ ramping down from -7 to -15 kA when
A0, =30°. (a) Active power and reactive power P/Q. (b) dg-axis currents i 4/i,.
(¢) dg-axis output voltages of current 10op eyg*/e,q*. (d) DC current iqc.

circulating current controller k,» when there is a grid phase
disturbance under 90°.

V. SIMULATION VERIFICATION AND CONTROLLER
HARDWARE-IN-THE-LOOP (HIL) TEST

In this section, simulations and HIL tests of various practi-
cal cases are performed to verify the multiconstraint operating
regions derived in Section III.

In the simulation verification, a three-phase 21-level MMC is
built on the PSCAD platform. The topology is shown in Fig. 3
and the parameters are listed in Table I. We change the reference
currents to new values to simulate the outputs of the power loop
after the faults. Thus, one of the dg-axis reference currents is set
to ramp up or down at 4 s and the ramping process lasts for 0.5
s, while the other remains unchanged to keep only one variable.
The operating states of the system can be identified by observing
the waveforms of the active power P, the reactive power Q, the
dg-axis currents ig4, iy, the output voltages of the current loop
eyd*, eyq*, and the dc current iq..

A. Lyapunov Stability Boundary Verification

Fig. 13 shows the transient responses of the MMC system with
the reference currents crossing point A in Fig. 8(b) from inside to
outside of the operation area when Af, is 30°. In Fig. 13, i gret is
setas —5 kA and i 4;ef ramps down from -7 to—15 kA. The system
can keep stable when igref 18 =7 KA. But when i decreases
to —15 kA, severe oscillations are observed in all the waveforms
and the control loops can no longer maintain stability. As the
reference currents cross point A and induce the instability of
the control loops during the response process, the correctness
of the Lyapunov stability boundary derived in this article can be
verified.
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Transient waveforms with igref ramping up from 5 to 17 kA when

A6, =30°. (a) Active power and reactive power P/Q. (b) dg-axis currents i /i,.
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Fig. 15. Transient waveforms with 74y ramping down from —8 to —19 kA
when Af, = 30°. (a) Active power and reactive power P/Q. (b) dg-axis currents
igliq. () dg-axis output voltages of current loop eygx/eyq*. (d) DC current iqc.

B. Modulation Boundary Verification

Fig. 14 shows the transient responses of the MMC system with
the reference currents crossing point B in Fig. 8(b) when Af, is
30°. InFig. 14, i 4reris set as 3 kA and i g,cf ramps up from 5 to 17
KA. When iyt rises to 17 KA, e, g+ and e+ diverge constantly
and the system operates in the overmodulation region. A large
amount of harmonic appears in the waveforms of P, Q, and iqc,
and the system fails to operate safely. The simulation result is in
agreement with the derived modulation boundary.

C. Maximum Power Transfer Boundary Verification

Fig. 15 shows the transient responses of the MMC system
with the reference currents crossing point C in Fig. 8(b) as Af,
=30°. InFig. 15, igrer is set as —1 kA and i g, ramps down from
—8t0—19 kA. When i 4,..¢ declines to —19 kA, the system stays in
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Fig. 17.  Transient waveforms with iyef ramping up from 3 to 23 kA and i gret
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(d) DC current iqc.

the modulation region but the active power exceeds its maximum
limit. Thus, i3, cannot be maintained at the normal value. The
MMC system becomes unsafe. Simulation results also verify the
maximum power transfer boundary of the operating region.

D. Multiconstraint Operating Region Verification

Figs. 16 and 17 present the transient responses of the MMC
with the reference currents changing from point D to E (see
Fig. 9) with different values of phase disturbances (60° and 90°).
In Figs. 16 and 17, when the reference currents are at point
D, the system operates normally under any phase differences
less than 90°. However, if the reference currents are at point
E, the MMC does not work safely. Hence, it can be found that
the MMC can operate well with any phase differences under
90° if the dg-axis reference currents are within the common
multiconstraint operating region shown in Fig. 9.
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Fig. 18.  Transient waveforms with input of iy ramping down from —7 to
—15 kA when Af, = 30° with hard limiters. (a) Active power and reactive
power P/Q. (b) dg-axis currents i4/i4. (¢) dg-axis output voltages of current loop
eygrleygx. (d) DC current igc.

E. Verification of Stability Improvement Methods

In order to validate the stability improvement methods pro-
posed in this article, two methods are applied in MMC simula-
tions when the parameters of the MMC system are given as the
same as the parameters of Fig. 13.

First, the method of adding hard limiters in the current loop
is adopted. By limiting the i4.cr between the maximum value
7.9 KA and the minimum value —11.6 kA, and i, between
10.9 and —7.8 kA with hard limiters, the simulation with the
input of it keeping at -5 kA and the input of it Tamping
down from —7 to—15 kA when Af, is 30° is presented in Fig. 18.
Comparing the results of Figs. 13 and 18, it can be seen that
the MMC system is able to maintain stability under the phase
difference with hard limiters in the current loop.

To verify the parameter influence on the common operating
region and the stability improvement method of enlarging the
operating region, a simulation of a 21-level MMC system with a
smaller arm inductance (3 mH) is performed as an example when
there is a phase disturbance of 30°. The reference currents of the
system change from point F to G, as shown in Fig. 11(d). From
the simulation result shown in Fig. 19, we can know the system
can operate normally and the result is in agreement with the
analysis result in Fig. 11(d). Besides, Fig. 13 shows the MMC
system with a 4 mH arm inductance loses stability when the
system operates from point F to G. Thus, by comparison of the
results in Figs. 13 and 19, it can be known that the stability of the
MMC system can be improved with a smaller arm inductance.

FE. Controller Hardware-in-the-Loop Test

In many recent publications [19], [29], controller HIL tests
for complex power electronic converters have been used for
verifying the stability, operation, and fault tolerance of grid-
connected converter systems. By interfacing the hardware con-
troller with emulated power electronic circuits, researchers can
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Fig. 20. HIL test platform of the three-phase five-level MMC.

TABLE III
SYSTEM PARAMETERS OF A THREE-PHASE FIVE-LEVEL MMC

System Parameter Value
Rated DC voltage V. 8000 V
Number of SMs per arm N 4
AC line resistance Ry, 02Q
AC equivalent inductance L, 1 mH
Arm inductance L, 4 mH
Arm equivalent resistance R 0.1Q
SM capacitance C 2.6 mF
AC line voltage v, 4600 V

easily test the operation of the system without necessarily build-
ing a downscaled system mockup. A controller HIL test of a
three-phase five-level MMC is conducted to further validate the
operating region analyzed in Section III. In the HIL test, the cir-
cuit model of the three-phase five-level MMC is established on
the RT-LAB platform, and the control is realized by the hardware
controller (STM32F401) with an FPGA (EP4CE115F23C7).
The HIL test platform of the three-phase five-level MMC is
shown in Fig. 20, and the parameters of the three-phase five-level
MMC are listed in Table III.
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Fig. 21.  HIL test verification of the multiconstraint operating region (k,2 =
0.4). (a) Active power and reactive power P/Q. (b) dg-axis currents i4/i4. (c)
dg-axis output voltages of current loop e,g*/eyq*. (d) DC current iqc.
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Fig.22.  HIL test verification of the parameter influence (kj2 = 2). (a) Active
power and reactive power P/Q. (b) dg-axis currents ig/iy. (c) dg-axis output
voltages of current loop eyg*/eyq*. (d) DC current iqc.

The phase difference between the grid voltage phase angle and
the output phase of the PLL is set as 30°. The g-axis reference
current i 4r0f stays at —500 A, while the d-axis reference current
i dref 18 set to ramp up from 300 A at 2 s to 900 A at 2.3 s (crossing
the Lyapunov stability boundary igq,er = 476 A). The transient
waveforms are shown in Fig. 21. When i ;¢ exceeds 476 A, the
active power P, the reactive power Q, the dg-axis currents i,
and i4, and the dg-axis reference voltages e,q* and e,q start
to oscillate, showing that the control loops become unstable
when the operation point moves outside of the multiconstraint
operating region. The MMC cannot maintain stability with this
set of parameters when the phase difference is 30°. From these
waveforms, the derived operating area in Section III can be
further verified.

To enhance the stability of the MMC, the proportional gain
of the circulating current loop k2 is increased to 2, while the
gain ko is 0.4 in Fig. 21. The stable responses of the MMC
with i4..r keeping at —500 A and i 4,¢f ramping up from 300 to
900 A when the phase difference is 30° are presented in Fig. 22.
Comparing Figs. 21 and 22, we can know that the stability can
be improved by rising the proportional gain of the circulating
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current loop kp2. The HIL test result is in agreement with the
parameter influence analysis in Section IV.

VI. CONCLUSION

In HVdc transmission systems, grid phase disturbances may
lead to excessive currents and affect the operation of the systems.
Thus, the identification of stable operating regions of converters
described with reference currents is indispensable for the safe
operation of MMC-HVdc systems. This article investigates the
multiconstraint operating regions of MMCs and the parameter
influence on the common operating regions under grid phase
disturbances. The multiconstraint operating regions under var-
ious phase differences between the grid voltage and the output
of the PLL can be obtained by combining Lyapunov stability
criteria, modulation index, and the maximum power transfer
capability constraints. With the variation of phase differences,
the multiconstraint operating regions tend to rotate in the dg-axis
reference current coordinate plane. Besides, the common mul-
ticonstraint operating region can be affected by the parameters
of the grid-connected MMC. The control parameters influence
the multiconstraint operating region by changing the Lyapunov
stability of the system, while the circuit parameters such as
the resistance parameters, the inductance parameters, and the
voltage parameters will also have an impact on the modulation
boundary and the maximum power transfer boundary. Based on
the operating region and the parameter analysis, the reference
current limitation and the parameter adjustment are proposed
as two effective methods to improve the stability of the system
under grid phase disturbances. Three-phase 21-level MMC sim-
ulations and 5-level MMC HIL tests verify the operating regions
and the stability improvement methods.
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