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Abstract: The modular multilevel converter (MMC) plays an important role in large-scale renewable
energy integration and transmission, and it can also operate in standalone mode, powering AC
passive loads. This paper focuses on the impact of load variation on the stability of the MMC. First,
the impact of load variation on the MMC transfer function is analyzed in detail using the harmonic
state-space (HSS) modeling method. Then, by means of the impedance-based stability analysis
method, it is found that the MMC tends to become unstable with the increase in inductive loads. If
the controller is not well-designed, the system may fail when loads change. Therefore, the worst-case
design is used to guarantee the overall system’s stability under all load conditions. The impact of
traditional proportional resonant (PR) controller parameters on the system’s stability is analyzed,
revealing that the stability margin and control performance of the controller are limited. Thus, an
improved controller structure with an additional series of compensators is proposed. Extensive
simulation results in MATLAB/Simulink R2024a verify the analysis of this work and the effectiveness
of the proposed controller.

Keywords: controller design; load variation; modular multilevel converter; stability analysis

1. Introduction

Nowadays, high-voltage direct current systems based on modular multilevel con-
verters (MMC-HVDC) have been widely adopted owing to their advantages, such as low
switching frequency, high efficiency, and high performance [1-3]. However, stability issues
like wide frequency oscillation have been increasingly emerging. A number of incidents
have been reported in practical MMC-HVDC projects, e.g., 20~30 Hz sub-synchronous os-
cillation (SSO) was reported in the Nan’ao three-terminal MMC-HVDC system in China [4]
and a 1270 Hz resonance occurred in the Luxi back-to-back MMC-HVDC project [5]. There-
fore, the oscillation issues in the MMC-HVDC system have received a lot of attention.

In order to analyze the oscillation phenomenon, many small-signal modeling methods
have been developed, such as the dynamic phasor method [6-8], harmonic state-space (HSS)
method [2,9,10], and multi-harmonic linearization method [11,12]. Guo et al. developed
a comprehensive dynamic phasor-based small-signal model for MMC systems under
unbalanced grid conditions, which considered the internal dynamics of the MMC system as
well as the more complex controllers, and revealed the reasons for unstable oscillations [6].
Sakinci et al. developed a generalized dynamic phasor model to reduce the order of
the conventional dynamic phasor model using the natural frequency separation of the
variations, where the impacts of high-order harmonics on the small-signal stability of the
MMC were obtained [8]. The HSS modeling approach was first introduced to characterize
the multi-harmonic coupling behavior of the MMC in [2], where the accurate small-signal
impedance models were developed. Wu et al. established an HSS-based MMC small-signal
impedance model with the frequency-coupling dynamics considered, which was used for
analyzing the SSO phenomenon [9]. Xu et al. proposed a complete HSS-based MMC small-
signal impedance model considering the impedance of the grid, and the mechanism of
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MMC grid impedance coupling was illustrated in detail based on the proposed model [10].
Zhu et al. presented the sequence impedance model of MMC based on the multi-harmonic
linearization method and analyzed potential resonance modes, where the impact of the
circulating current controller on the MMC impedance and system stability was studied [11].
In ref. [12], a special form of the multi-harmonic linearization method was adopted to
reduce the complexity of the sequence impedance modeling of MMC depending on the
simpler harmonic spectra.

Moreover, many oscillation suppression solutions have also been proposed to enhance
the stability of the MMC, which can be divided into two categories: control parameter
optimization and control structure modification. Lyu et al. analyzed the impacts of the pro-
portional gain of the AC voltage controller on the AC-side impedance of MMC, confirming
that a larger proportional gain can cause a smaller magnitude of the MMC impedance but
hardly affected the resonant frequencies [2]. Huang et al. obtained the optimal controller
parameters by traversing all the values within the derived boundaries of the regulator
parameters, considering the delay generated by digital control [13]. Wang et al. investi-
gated the effects of different control loop parameters on the hybrid passivity property and
proposed a parameter design guideline based on the hybrid passivity criterion [14]. More-
over, many scholars also focus on the controller structure [15-21]. Wang et al. proposed a
full power decoupling strategy with a new closed-loop DC-bus current proportional (P)
controller for the direct-modulation-based MMC, which improved the stability of the MMC
system [15]. Gao et al. presented an improved virtual impedance control method, which
was the addition of the virtual resistance-inductance to ameliorate the virtual impedance
control that can be equivalent to the parallel connection of resistor and inductor, and it
was demonstrated that the proposed method showed better performance compared to the
traditional virtual resistance control and the phase lag compensation control method [17].
Guo et al. proposed a supplementary damping controller to mitigate the low-frequency os-
cillations in the MMC-HVDC system under low inertia conditions by introducing a reactive
power compensation signal into the reactive power outer loop control of the MMC [19]. Zhu
et al. proposed a damping method with virtual arm impedance by introducing common-
mode compensation terms in the insertion index to compensate for the stability defects
caused by the circulating current injection methods, reducing the submodule capacitor
voltage ripples [21].

Generally, MMC-HVDC systems can operate in grid-connected mode [22,23] and
standalone mode [9,16]. In grid-connected mode, the MMC connects directly to a power
grid, which can be either stiff or weak. In standalone mode, the MMC can connect to
renewable power plants and power other different AC loads. Up to now, the grid-connected
mode has been studied extensively. However, the standalone mode has not been examined
in detail.

In this operation scenario, the connected loads can be modeled as resistive load R;
and inductive load Ls. Based on existing MMC stability analysis and controller design, the
system can achieve stable operation under certain load conditions. However, in practical
operation, the loads may vary according to the requirement, which changes the MMC
operation points. When the load variation is small, the system can remain stable. However,
with the increase in load variation, oscillations may appear, and in severe cases, the MMC
system could even fail. How the load variation impacts the MMC internal and external
small-signal characteristics still remains unknown. Therefore, it is of great importance to
find out the MMC stability evolution trend to assist in designing controller structure and
its parameters.

Moreover, the basic proportional resonant (PR) controller is commonly adopted for
the MMC in standalone mode to achieve AC voltage control. However, the control degrees
of freedom for the PR controller are limited. Given the complex harmonic interactions and
small-signal dynamics of the MMC, the traditional PR controller can hardly stabilize the
MMC system [9]. Additionally, the transient behavior also shows large voltage overshoot
and long settling time, which is unsatisfactory. To improve the stability margin and control
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performance, the existing controller structure needs to be redesigned with consideration of
the MMC internal and external small-signal characteristics.

To address the above issues, in this paper, the time-domain model and frequency-
domain model are first established based on the average topology of the MMC [4,10], which
can effectively reflect the dynamic information of the sub-synchronous frequency range. It
is worth noting that the delay generated by digital control affects the high-frequency range
dynamics of the MMC. But this paper focuses on the sub-synchronous frequency range,
so the delay effect is not considered. Then, the impact of load variation on the transfer
function of internal small-signal perturbation to state variables is analyzed in detail using
HSS. It is found that load variation significantly affects the transfer function of internal
small-signal perturbation to the AC voltage perturbation response. Furthermore, the AC
terminal impedance of the MMC is analyzed. It is shown that AC impedance varies along
with the AC load, and the system tends to be unstable with the increase in inductive load.
Therefore, the MMC controllers need to be well-designed. Otherwise, the system may fail
under certain load conditions. Based on the above analysis, the worst-case design for the
MMC controller considering load variation is discussed in this paper, which can ensure
overall system stability. In existing literature, the proportional resonant (PR) controller is
commonly used in the control loop of the MMC system [2,9,24-26]. However, given that
the traditional PR controller has limited control performance and is hard to further improve
the stability margin, an improved output voltage controller structure is proposed, which
introduces additional series compensators according to the MMC internal small-signal
dynamic nature. It is demonstrated that the proposed controller can suppress the resonant
peak and decrease the phase differences up to ~110°.

The research highlights of this paper are concluded as follows:

(1) Based on the HSS method, the impact of load variation on the MMC internal (control
to state variable transfer function) and external (AC terminal impedance) small-signal
characteristics is studied in detail.

(2) The worst-case design for the MMC controller is adopted to ensure the overall system’s
stability. The control performance of the traditional PR controller is analyzed and
proven to be limited.

(3) Animproved output voltage controller structure with additional series compensators
is proposed according to the actual MMC internal and external small-signal dynamic
nature, which improves both the stability margin and control performance.

The remainder of this paper is organized as follows: Section 2 reviews the time-domain
mathematical model and HSS-based small-signal model of the MMC. The impact of load
variation on the MMC transfer function is examined in Section 3. Then, MMC stability is
analyzed in detail in Section 4. Section 5 discusses the limitation of the PR controller and
proposes the improved controller structure. Section 6 concludes this paper.

2. Modeling of Modular Multilevel Converter

In this section, the topology and mathematical model of the MMC are reviewed.

2.1. Circuit Configuration

The topology of a three-phase MMC operating in standalone mode is depicted in Figure 1.
In each phase of MMC, there are two arms, namely the upper arm and the lower arm. Each
arm consists of N submodules (SMs) connected in series. and are the arm inductance and
resistance, respectively. The half-bridge SM structure is shown on the right-hand side, which
contains a floating capacitor and two switching devices. The induction motor, which is a
common industrial load, can be expressed as an inductor in series with a resistor [27]. Thus,
the AC load in Figure 1 is represented by an inductor Ls connecting with the resistor R;.
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Figure 1. The topology of a three-phase MMC.

For simplification, Figure 2 gives the average model of one phase leg of the MMC, where
Ucuy, and vy are the sum capacitor voltages for the upper and lower arms, respectively [28].
Ceq represents the arm equivalent capacitance, where Cey = Csp/N. my (t) and m;(t) are
the control signals for upper and lower arms, which can be expressed as [2]

my(t) =

my(t)

(1= m(t) —ma(t) + LyZs ma ()]

@
[+ m(t) = ma(t) + XoZg mn(t)]

N\'—‘I\JM—\

where m(t) and m;(t) denote the fundamental frequency component for output control and
second-order harmonic component for circulating current control, respectively. Moreover,
for n > 3, my,(t) in (1) is normally equal to zero [2].

Figure 2. The average model of one phase leg of the MMC.

The circulating current i, (t) and the AC output current ig(t) are defined as

ig(t) = iu(t) —if(t) ®)
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The equivalent arm output voltages can be expressed as

Uu(t) = mu(t)vcuZ(t) 4)

vy(t) = my(t)vey(t) 5)

The capacitor charging and discharging dynamics can be expressed as [9]

do .

Ceq% = Myly (6)
dv 1

Ceq dct): = mlll (7)

Applying Kirchhoff’s law to the upper arm and the lower arm, two circuit equations
can be obtained as

d
21(8) + Rarmt(£) + Larm Ziz(t ) vg(t) = qu )

where vg () = Rsig(t) + Ls[dig(t)/dt].

Applying the differential-mode (DM) and common-mode (CM) definitions [29], the
sum and difference in the control signals and equivalent SM capacitor voltages for the
lower and upper arms in Figure 2 can be defined as

my () + my(t) = 2men(t) (10)
my(t) =y () = 2mgy (t) (11)
Uy () + veuy () = 2uucem(t) (12)
ey (t) = Veuy (£) = 2ucqm(t) (13)

Substituting (1) into (10) and (11), CM and DM control signals can be written as

Mem () = %[1 — 11y cos(2wrt + 62)] (14)

1
Mgy (t) = M cos(wit + O1) (15)

where w; represents the fundamental angular frequency.
Substituting (2)—(5) and (10)-(13) into (6)—(9), MMC dynamics in DM and CM repre-
sentation are given as follows:

diem () _ Rarml ( ) mcm(t (f) Mg ()
d. ti(i) Lﬂ7n1 Lﬂrzn’l [;m arm 2 ( )
g _ Rarm+2R, m m
i = LZ:ZH sig (1) + Pl cenm() + pctlucam (1)
ducem(t) _ mcm () () — My () ; o (1)
dt -
em(

qum( ) + ﬁudc

(16)

ducg (t) mdm(t

"2Ceq
— t) Mem ?t
dt Ceq

2Ceq 1g(t)
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2.2. HSS-Based MMC Steady-State Model

Based on (16), choosing the circulating current i.; (t), output current ig(t), CM arm
capacitor voltage ¢y, (t), and DM arm capacitor voltage ¢y, (f) as state variables, the

time-domain state-space model of the MMC can be expressed as
x(t) = A(t)x(t) + B(t)u(t)

where
%) = [iom(t), ig(t), ticem (£), ucam (H)] "

_ Rarm O _ m'-‘m(t) _ mdm(t)
arm Lﬂ" 1 Lﬂ" 1
0 _ Roym 2R 2mgy(t)  2mem(t)
A(t) _ Larm~+2Ls Larm~+2Ls Larm~+2Ls
= | mem(t) Mgy (1) 0 0
on pom
Mgnlt) _ men () 0 0
Ceq 2Ceq

. 1
B(t) = dlﬂg(m, 0, 0, 0)

u(t) = [Uy,0,0,0]"

(17)

(18)

(19)

(20)

(21)

The detailed HSS modeling procedure can be found in [2,9]. Thus, it is not repeated
in this paper. Based on the Fourier series and harmonic balance theory, (17)—(21) can be

transformed into the frequency-domain HSS model, which is expressed as

sX = (A—Q)X+BU

where
X=[X_p ..., X 1,X0, X1,..., Xs]"

_Ao A4 -+ A
A
Ay A4
A=A, - . Ay A . A,
AL A :
. A
i Ay Ar Ao
By B_1 B_j, |
By
- By B_;
B = |B, “. By B_ B_,,
B, B
B4
I B, B, B

U=[U_,...,U_1,UyUy,..., Uy"

Q =diag(—jhwl, ..., —jw1L 0, jw1l, ..., jhwil)

(22)

(23)

(24)

(25)

(26)

(27)
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where A and B are called Toeplitz matrix. The subscripts & of the matrix elements represent
the harmonic order. For instance, Ay, By, are the corresponding / th Fourier coefficients of
A(t) and B(t), respectively.
Letting the left-hand side of (22) be zero, the steady-state operation point of MMC can
be calculated by
X;s = —(A—Q) ' (BU) (28)

2.3. HSS-Based MMC Small-Signal Model

To derive the small-signal model of the MMC, the harmonic linearization principle
needs to be adopted. Applying the small perturbation to (17), the MMC small-signal
state-space equation can be obtained as

xp(8) = A()xp(£) + A ()x() + B()u () (29)

where subscript p denotes the small-signal perturbation components.

In steady state, MMC contains +h th (h € Z) steady-state harmonics. According to
the operation principle of the MMC, the injected small-signal perturbation with angular
frequency w, can be coupled with these steady-state harmonics, which generates a series
of harmonics with angular frequency wy, + hwy (h € Z).

Applying the Fourier series and harmonic balance theory, (29) can be transformed into
the frequency-domain model as follows:

sXp = (A —Q,)X, + ApX+BU, (30)
T

Xp = [Xp—h/ cee ,Xp_l, Xp/ Xp—i—l/ e /Xp-i-h] (31)
Up = [Upp, - Up1, Up, Uy, - - 'up+h]T (32)

[ Ay Ap Ap-n ]

Apy1 .
’ Ap Apa
Ap = Ap+h Ap Apfl Apfh (33)
Apir Ay :
. . Ay
L Aptn Apr1 Ap |

Q, = diag[j(wp — hw1)L, - -+, j(wp — w11, jwpl, j(wp +w1)L, - -+, j(wp + hw)T]  (34)

However, in closed-loop control, the small-signal coefficient matrix A, is related to the
small-signal state variables X,. Therefore, (30) cannot be calculated directly, and a variable
separation is needed [30], where (30) can be further reorganized as

sXp = (A—Q, — G)X, + GR;, + BU,, (35)

where G is the control matrix, which is composed of the product of the controller transfer
function and steady-state state variables, and R, represents the small-signal perturbation
of the control reference.
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Letting the left-hand side of (35) be zero, the small-signal perturbation of the state
variables X, can be calculated by

Xp = —(A—Q, — G) '(GR, + BU)) (36)

Based on the MMC small-signal model, many scholars established the MMC terminal
impedance and transfer function model to investigate the system stability and controller
design issues.

3. Impact of Load Variation

In this section, the traditional controller structure is first introduced. Then, the transfer
functions of internal perturbation to AC voltage and circulating current are analyzed, respec-
tively. To support the analysis, an MMC simulation system is built in MATLAB/Simulink
R2024a. The main parameters of the MMC are given in Table 1. Table 2 shows the different
load conditions studied in this paper, where | Z;| remains the same but R/ X, varies.

Table 1. Parameters of the MMC model.

Parameters Symbols Values
Rated output power P, 100 MVA
Grid frequency fg 50 Hz
DC bus voltage Uy +160 kV
AC L-L voltage (rms) Verms 166 kV
Number of the SM per arm N 200
SM capacitance Csm 2.5mF
Equivalent SM capacitance Ceq 12.5 uF
Arm inductance Larm 0.18 mH
Arm resistance Rarm 4.06 Q)

Table 2. Parameters of the AC load.

Load Conditions R, L

Case ] 275.56 Q) 0
Case II 194.85 Q) 0.6202 H
Case III 123.23 Q) 0.7845 H
Case IV 87.14 Q) 0.8321 H
Case V 54.04 O) 0.8601 H
Case VI 4530 Q) 0.8652 H
Case VII 3418 Q) 0.8704 H
Case VIII 0 0.8771H

3.1. Traditional Controller Structure

The MMC always operates in closed-loop mode rather than open-loop mode. There-
fore, the traditional controller structure is introduced. In standalone mode, MMC commonly
uses the voltage-controlled closed-loop form, where the AC voltage controller structure
traditionally adopts the basic proportional resonant (PR) controller [2,9]. Additionally, the
circulating current controller is also added in the closed-loop configuration, where the PR
controller is used to suppress the second-order circulating current.

Figure 3 shows the block diagrams of the PR controllers for AC voltage and circu-
lating current control. The delay generated by digital control affects the high-frequency
range dynamics of MMC [13,31]. However, as this paper focuses on the sub-synchronous
frequency range, the delay effect is not considered. The corresponding transfer functions
are expressed as
2KRpgwes

- 37
2 4 2wes + w? 37

Gvg(s) = Kpyg +
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2KRiemWcs

G; S) = Kp' +
zcm( ) icm 2 +2wcs+ (2&)1)2

(38)

where Kpyg, Kpicy, Krog, and Kgicp, are the proportional and resonant gain for the AC voltage
and circulating current controller, respectively. Moreover, the resonant angular frequencies of
the AC voltage and circulating current controller are tuned at w; and 2wj, respectively.

icmref +

(b)

Figure 3. Block diagrams of the MMC controllers (a) AC voltage control; (b) circulating current control.

Based on the control theory, open-loop gain is crucial for analyzing the system stability,
which is composed of controller and control to state variable transfer function. Therefore,
in the following parts, the impact of AC load variation on the control to AC voltage and
circulating current transfer functions is studied in detail.

3.2. Transfer Function of Internal Perturbation to AC Voltage

The AC voltage is controlled by the DM control signal. Thus, the internal DM small-
signal perturbation 1, ,(t) at angular frequency w, with amplitude Mgy, , in the MMC
control signal should be added, which can be expressed as

M,p(t) = My, p cos(wpt) (39)

The corresponding perturbation matrix consisting of internal DM small-signal per-
turbation can be expressed as Ay, ,(t). Then, the state variable small-signal perturbation
response can be expressed by

Xp = —(A— Qp)il (Adm,px) (40)

By solving (40), the corresponding AC current small-signal perturbation response
ig,p(t) can be obtained. The value of the injected internal DM small-signal perturbation to
AC current transfer function at angular frequency wy, can be calculated by

. I,
Tymmc (jwp) = Mip (41)
m,p

where I, , and My, , represent the phase of the AC current small-signal perturbation and
the injected internal DM small-signal perturbation at angular frequency w),, respectively.
The value of AC voltage small-signal perturbation at angular frequency w), can be
obtained by
Ugp = (Rs + jwpLs)Ig p (42)

As a result, the value of the injected internal DM small-signal perturbation to the AC
voltage transfer function at angular frequency w; can be calculated by

(Rs + jprS)Ig,p

(43
Mdm,p )

Tymct (jwp) =

And the transfer function measurement process in simulation can be described as
follows: First, a DM small-signal perturbation mg, ,(t) = Mgy, , cos(wpt) is injected at
angular frequency w) into the control signal. Then, the fast Fourier transform (FFT) module
is used to obtain the magnitude and phase of the corresponding AC voltage small-signal
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response at angular frequency wy. Change the perturbation frequency, and repeat the
whole process until the measurement needs are met.

Figure 4 shows the bode diagram of the injected internal DM small-signal perturbation
to AC voltage transfer functions under different AC load conditions. The solid lines and
marks represent the analytical and simulated results of Taspic1 (jwp) in (43), respectively.
The analytical results clearly agree well with the simulation results. It can be observed that
the magnitude response is generally flat at lower frequencies. Then, a resonant peak occurs
at ~28 Hz, which is augmented greatly with the increase in inductive load. The magnitude
difference can reach up to 19 dB. Correspondingly, the phase response shows a significant
shift around the frequency where the magnitude peaks.

Analystical Result X __Simulation Result
Case | x Casel Case II x  Casell
Case III % Caselll Case IV x CaselV
Case V x CaseV Case VI x  Case VI
Case VII %  Case VII Case VIII x  Case VIII

100

Phase[deg]
i
(=3

0

50 . .
10° 10" 10
Frequency [Hz|

Figure 4. Model verification of internal DM perturbation to AC voltage transfer functions under

different load conditions.

3.3. Transfer Function of Internal Perturbation to Circulating Current

The circulating current is controlled by the CM control signal. Therefore, a predefined
internal CM small-signal perturbation 1.y, (t) can be injected into the control function,
whose expression can be written as

where My, and wy are the amplitude and angular frequency of internal CM small-
signal perturbation, respectively. Similarly, the corresponding state variables small-signal
perturbation can be calculated by

Xp = —(A—Q,)  (AcmpX) (45)

Therefore, the transfer function of internal CM small-signal perturbation to circulating
current at angular frequency w) can be calculated by

. Lem,
Tunca(jeon) = 7 (46)

The measurement process is similar except that an internal CM small-signal perturba-
tion is injected in simulation. Figure 5 shows the bode diagram of the injected internal CM
small-signal perturbation to circulating current transfer functions under different load con-
ditions. The solid lines and marks are the analytical and simulation results of T2 (jwp)
in (46), respectively. The analytical results agree well with the simulation results as well.
Compared with the AC voltage transfer function, both magnitude and phase responses
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show weak correlation with different load cases. Phase differences can only be observed
below 10 Hz, while there is no obvious magnitude difference, indicating that the MMC
internal circulating current small-signal dynamics are hardly affected.

Analystical Result X _Simulation Result
Case I x  Casel Case II x  Casell
Case III % Case Il Case IV X CaselV
Case V x CaseV Case VI % Case VI
Case VII % Case VII Case VIII X Case VIII

Phase|deg]|

10° 10! 102
Frequency [Hz]|

Figure 5. Model verification of internal CM perturbation to circulating current transfer functions

under different load conditions.

Based on the above analysis, the load variation has a larger impact on the transfer
function of internal DM small-signal perturbation to the AC voltage perturbation response. In
other words, it greatly affects the stability of AC voltage control. Therefore, in the next section,
a detailed discussion of the MMC stability under different load conditions is carried out.

4. MMC Stability Analysis Considering Load Variation

The analysis in the previous section verifies that load variation has a great impact on
MMC small-signal dynamics. In this section, MMC stability is discussed in detail based on
the impedance-based stability analysis method.

4.1. Impedance-Based Stability Analysis Method for the MMC System

To analyze the stability of closed-loop systems, the impedance-based stability analysis
method is adopted. Figure 6 shows the Thevenin equivalent circuit of the MMC operating
in standalone mode, where the current flowing from the MMC system to the load can be
written as [32,33]

_ opmmc(s)
1) = Z10ad(s) + Znmmc(s) &)

which can be reorganized as

_ UMMC(S)_ 1
I(s) = Z1oad(s) 14 Zyimc(s)/ Zroad(s) )

Vmme |::| Z\oad

Figure 6. Thevenin equivalent circuit of MMC operating in standalone mode.
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It can be assumed that the MMC voltage is stable when unloaded and the load current
is stable when powered from an ideal source. Therefore, both vy pic(s) and 1/ Zpy,4(s) are
stable. Then, current stability depends on (49)

1

H(S) = 1+ ZMMc(S)/ZLoud(S)

(49)

By linear control theory, H(s) is stable if and only if Zypc(S)/ Z1oa4(s) satisfies the
Nyquist stability criterion, where the details are as follows [34]:

“If and only if the total number of counterclockwise encirclements of (—1 + j0) by the
eigen-loci of Zpnic(S)/ Z1oad(s) is equal to the total number of right-half-plane (RHP) poles
of Zymc(s) and 1/Z;,44(s), the closed-loop MMC system shown in Figure 6 is stable”.

Considering that Zypic(s) and 1/Z,,4(s) have no RHP poles, the above criterion can
be reorganized as follows:

“If and only if the eigen-loci of Zypc(S)/ Z1oad(s) does not encircle (—1 + jO) coun-
terclockwise, the closed-loop MMC system shown in Figure 6 is stable”.

4.2. Stability Analysis of the Closed-Loop MMC System Under Different Load Conditions

Figure 7a shows the bode diagram of Z s (s) and Zp,.4(s) of load case II with
controller parameters in Table 3. The analytical results agree well with the simulation
results. It is observed that the phase difference at the intersection point of Z,s.0(s) and
Z1 0a4(s) is much lower than 180°, which satisfies the Nyquist stability criterion. Figure 7b
shows the time-domain waveforms of output voltage and current, indicating that the
system works stably. Figure 7c shows the time-domain waveforms of circulating current in
phase A, which fluctuates around 75 A, indicating stable system operation. And the sum
capacitor voltages for the upper and lower arms remain stable, as shown in Figure 7d. It is
noted that AC voltage controller parameters in Table 3 are designed based on load case II.

c/oscﬂ(s) ZLoad(S)
] T T T T T T T
— 50— B — 100
g S
= | = 0
= Of | 1 <
= S J100f 1
50 | : . J f
_ 200 T T T = T T T T T T T
& I [“ \]‘ * * 500 .
2 —
E 0 ¢ B = ok
< 123.84° -
£ 500} i
-200 | . . E H ! ! H I . L
10° 10! 102 3 305 3.1 315 32 325 33 335 34
Frequency [Hz] t[s]
(a) (b)
85 T T T T T T 360 T T T T T T T
E 340 | 1
= 320 1
: -
E 75 360 T T T T T T T
- E 340+
= 320
70} 1
s MWW
50 280 i
65 . . . . . . . 260 . ; . . . .
3 3.05 3.1 3.15 3.2 3.25 33 3.35 34 3 3.05 3.1 3.15 32 3.25 33 3.35 34
t(s) t(s)

(c)

Figure 7. Bode diagrams and time-domain waveforms of load case II. (a) Zjyse0(s) and Zpou4(s)
(solid lines: analytical results; cross markers: simulation results); (b) output voltage and current;

(d)

(c) circulating current; (d) sum capacitor voltages for the upper and lower arms.
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Table 3. Parameters of the traditional AC voltage PR controller.

Controller Parameters KRog we

900 U

KPvg
0.8

Values

Figure 8a shows the bode diagram of Z s (s) and Zyy,4(s) of load case VI. It can be
seen that the phase difference at the intersection point is higher than 180°, which dissatisfies
the Nyquist stability criterion. Figure 8b shows the corresponding time-domain waveforms
of output voltage and current, where harmonic components appear. As shown in Figure 8¢,
the circulating current in phase A exhibits distortion. In Figure 8d, the sum capacitor
voltages for the upper and lower arms contain harmonic components.

Zul().s'e()

() ZLuml(S)

= 50 .
)
% 17,5507
«
s I
50k | A 4
_200F T - :
g I [ \/
= v
2 0 T .
«
=
~
-200 L e
10° 10! 102 1 1.5 2 25 3 35 4 45 5
Frequency [Hz| t(s)
(a) (b)
80 T T T T T T T T T T T T T T
> 350f _
60 E 22
5
40 i 2 300
> >
_é 20 L 250 1 1 1 1 1 1 1
g : : . : . . :
== ol | i 350 F 7
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20k N #1300
>U
40 1 1 L 1 L L L 250 1 1 1 1 1 1 1
3 3.05 3.1 3.15 3.2 3.25 3.3 3.35 3.4 3.05 3.1 3.15 3.2 3.25 33 3.35 3.4
t(s) t(s)

(c)

(d)

Figure 8. Bode diagrams and time-domain waveforms of load case VI. (a) Zjys0(s) and Zyy,4(s);
(b) output voltage and current; (c) circulating current; (d) sum capacitor voltages for the upper and
lower arms.

Figure 9a shows the bode diagram of Zj,s0(s) and Z,,4(s) of load case VIL It is
observed that the phase difference at the intersection point is higher than 180°, which
indicates the system dissatisfies the Nyquist stability criterion. Figure 9b shows the cor-
responding time-domain waveforms of output voltage and current, which contain large
harmonic components, confirming the analysis. The corresponding circulating current
contains harmonic components, as shown in Figure 9c. Similarly, in Figure 9d, harmonic
components also appear in the sum capacitor voltages for the upper and lower arms. The
waveforms in Figure 9c,d have already become distorted. Furthermore, time-domain
waveforms of load case VIII are not shown because the system is severely unstable.
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Figure 9. Bode diagrams and time-domain waveforms of load case VIL. (a) Z,s00(5) and Zj ,4(s);
(b) output voltage and current; (c) circulating current; (d) sum capacitor voltages for the upper and
lower arms.
Additionally, Figure 10 shows the Fourier analysis results of Figures 8b and 9b.
In Figure 10a, it can be seen that SSO appears in the AC output voltage and current,
where the resonant frequency is 7.5 Hz, which is close to the analytical resonant frequency
of 7.55 Hz obtained in Figure 8a. In Figure 10b, SSO of 7.9 Hz appears in the AC output
voltage and current. The resonant frequency of the simulation is close to the analytical
resonant frequency of 7.99 Hz obtained in Figure 9a.
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(a)

(b)

Figure 10. Fourier analysis results of load cases VI and VII. (a) Load case VI; (b) load case VIL

Based on the transfer functions shown in Figure 4 and the analysis above, the stability of
the MMC with the same AC voltage controller under different load conditions is varying. The
system tends to be unstable with the increase in inductive load. Thus, to guarantee the overall
stability, the worst-case design is adopted for the MMC AC voltage controller design.

4.3. Verification of the Worst-Case Design

The worst load condition is case VIII. Therefore, controller parameters in Table 3 need
to be adjusted according to its transfer function feature. The resonant gain Kgy, is changed
to 30. Figure 11 shows the bode diagrams of Zj,s.0(s) and Z; ,,4(s) with all load conditions.
It can be seen that the phase difference at the intersection point of Zjys0(s) and Zyo,4(s)
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Mag|dB]

Phase[deg]

in the worst case, VIII, is largest but lower than 180°. The phase differences are generally
reduced with the decrease in inductive load, and all load conditions satisfy the Nyquist
stability criterion, which ensures the overall system stability.
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Figure 11. Bode diagrams of Z j,s.0(s) and Zp,44(s) under different load conditions.

5. Controller Optimization
5.1. Controller Parameters Optimization

By changing controller parameters, the phase differences at the intersection point
of Z josen(s) and Zj,44(s) vary as well. Therefore, the impact of controller parameters on
system stability is studied in this part.

When KRy is set to 30, the bode diagram of Z;yse0(s) and Z44(s) of load case VIII with
the tuned Kp,, is shown as Figure 12a. The proportional gain Kp,, = 0.8 of the AC voltage
controller guarantees that the phase difference is lower than 180°. In addition, the increasing
Kpyg reduces the phase differences, but its influence on system stability is quite small.

Mag[dB]

)
176.92° 3 -
180.88° % 0 185.83 |
181.57° Z 176.92°
| £ -100f .
10! 10 10° 10! 10
Frequency [Hz] Frequency [Hz]

(a)

(b)

Figure 12. Bode diagrams of Zj,s.0(s) and Zj,,4(s) of load case VIII with different controller parame-
ters (Soid lines: Zj,s0(s), dashed green lines: Zjo44(s)). (a) Changing Kpyg; (b) changing Kryg-

As for the resonant gain Ky, it significantly impacts the system’s stability, as shown
in Figure 12b, where Kpy, is set to 0.8. By tuning the resonant gain, it can be observed
that the phase differences at the intersection point of Zj,s.0(s) and Z,,4(s) are gradually
reduced with the decrease of Kgyg. A small Kgye = 30 can ensure the system’s stability.
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Mag|[dB]

Phase[deg]

When the resonant gains further decrease, e.g., 0.01, as shown in Figure 13a, the phase

difference reduces to 172.27° but is still close to 180°. However, in this case, the AC voltage
cannot track its reference value as shown in Figure 13b.

Reference value Simulation value

100
>
= 0
~
=
-100F
200
< ol
:< 0
=200
3 3.05 3.1 3.15 32 3.25 33 335 34
Frequency [Hz] t[s]

(a)

(b)

Figure 13. Bode diagrams and time-domain waveforms of load case VII (Soid lines: Z ;00 (s), dashed

green lines: Zj,4(5)). (@) Zcjose0(s) and Z,44(s); (b) output voltage and current.

From the discussion above, it can be found that tuning the parameters of the PR

controller can guarantee the system’s stability. But the phase difference is relatively large
and nearly impossible to further decrease. Therefore, an improved controller structure is
proposed in this paper.

5.2. Proposed Controller Structure

The structure of the proposed controller is shown in Figure 14, which contains

three parts:

)

@)

®)

The first part is the traditional PR controller, which provides a high gain at the
fundamental frequency, allowing accurate tracking of the reference signal. Kgy, is the
key parameter to guarantee the tracking performance.

A band reject filter (BRF) is introduced, which is the second part. Based on the
obtained internal DM small-signal perturbation to AC voltage transfer function, it is
found that a large resonant peak appears, which affects the control performance and
may threaten the system stability. The center frequency of the introduced BRF is set to
suppress the resonant peak frequency at 28 Hz, and its bandwidth matches the width
of the resonant peak, with a value set to 20 Hz.

The third part is an additional inertia element (IE), which is added in the control loop
to improve the poor stability margin of the existing PR controller. Based on the bode
diagram of Zj,s0(s) and Zp,44(s) under the worst case, the gain Kjg,e and cutoff
angular frequency wj, of the IE are designed.

Vgref + m
PR BRF > IE P—»

Y

Vg

Figure 14. Block diagrams of the proposed controller structure.

The transfer function of the proposed controller can be written as

2KRygcs ] Kng(sz + w%) ] KiEvg
24 2wes + w3 s +2weps + wh S+ Wi

Gvg(s) = (KPvg + (50)
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Based on (50), the proposed controller has more control degrees of freedom, indicating
that the corresponding system has better abilities in stability and control performance
improvement. Figure 15 shows the flowchart of the parameter design of the proposed
controller. And the corresponding parameters are given in Table 4. Figure 16 shows
the bode diagram of the open-loop gain of the MMC system with the PR controller and
proposed controller of the load case VIII. It can be observed that the resonant peak is
suppressed, which verified the effectiveness of BRE. Moreover, the gain at the fundamental
frequency remains relatively high, showing good tracking performance.

| Observe the Zjoseo(S) and Zipad(S) |

v

I Obtain the worst case |

v

| Design the traditional PR controller parameters |

4>| Observe the control loop gain |
Y

| Design the BRF parameters |

Meet resonant peak
suppression requirement?

4“1 Observe the Zgoseo(S) and Zipaq(s) |

v

| Design the IE parameters |

Meet stability margin
requirement?

Obtain the parameters of the proposed controller

Figure 15. Flowchart of the parameter design of the proposed controller.

Table 4. Parameters of the proposed controller.

Controller Parameters Kpog KRog we Kpog wp Wep KiEug Wie
Values 0.8 30 s 1 56 40m 200 107

—— PR controller Proposed controller

40 T T

Mag[dB]

200
100
0
-100

Phase[deg]

10° 10! 10
Frequency [Hz]|

Figure 16. Bode diagram of the open-loop gain of the MMC with the traditional PR controller and
the proposed controller.
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Figure 17 shows the bode diagram of Z,s.(s) and Z,,4(s) of all load conditions with
the proposed controller. It can be seen that the phase difference at the intersection point of
Ziose0(s) and Zp,,4(s) of load case VIII is equal to 114.57°. The stability margin is greatly
increased, which confirms the validity and effectiveness of the proposed controller structure.

——Z psep(s) of Case 1 — —Z, . (5) of Casel - Z
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Figure 17. Bode diagrams of MMC of different load conditions with the proposed controller.

Moreover, Figure 18 shows the time-domain simulation results of the MMC with the
PR controller and the proposed controller in the transient state. The AC load switches from
case II to case V at t = 3.1 s. The results indicate that the MMC system reaches a stable
state. However, the settling time with the proposed controller is shorter, which verifies the
effectiveness of the proposed controller. The oscillation of the circulating current with the
proposed controller is also smaller, as shown in Figure 18c,d. Additionally, in Figure 18ef,
the capacitor voltages also exhibit similar characteristics, further confirming the effectiveness

of the proposed controller structure.
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Figure 18. Transient-state time-domain waveforms from case II to case V. Output voltage and current:
(a) traditional PR controller; (b) proposed controller. Circulating current: (c) traditional PR controller;
(d) proposed controller. Sum capacitor voltages for the upper and lower arms: (e) traditional PR
controller; (f) proposed controller.

Furthermore, Figure 19 shows the corresponding time-domain simulation results, where
the AC load switches from case V to case VIII at ¢ = 3.1 s. In Figure 19a, large oscillations
appear in the output voltage and current. Although the system finally reaches a stable state,
the settling time is ~2.6 s, which indicates the poor control performance of the traditional
PR controller. Figure 19b shows the simulation results with the proposed controller. It can
be observed that the voltage and current quickly reach a stable state within only ~0.2 s,
which further verifies the effectiveness of the proposed controller structure. In Figure 19¢, the
oscillation of the circulating current gradually decreases, with overshoot amplitude reaching
~100 A. However, for the MMC with the proposed controller, the overshoot amplitude of the
circulating current is only ~50 A, as shown in Figure 19d. Additionally, Figure 19,f indicate
that the capacitor voltages have better dynamic performance with the proposed controller.
In Figure 19e, the sum capacitor voltages for the upper and lower arms exhibit large over-
shoots, which reach ~73 kV. Figure 19f shows that the overshoot amplitudes of the sum
capacitor voltages for the upper and lower arms are ~65 and ~37 kV, respectively. This further
verifies the effectiveness of the proposed controller structure.
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Figure 19. Transient-state time-domain waveforms from case V to case VIII. Output voltage and current:
(a) traditional PR controller; (b) proposed controller. Circulating current: (c) traditional PR controller; (d)
proposed controller. Sum capacitor voltages for the upper and lower arms: (e) traditional PR controller;
(f) proposed controller.

6. Conclusions

This paper investigates the stability variation in MMC in standalone mode. Based
on the HSS, the impacts of load variation on the transfer function of internal small-signal
perturbation to state variables and AC terminal impedance of the MMC are analyzed in
detail. It is found that the system tends to be unstable with the increase in inductive load.
Therefore, a worst-case design needs to be adopted to guarantee the overall stability. Then,
the impact of traditional PR controller parameters on system stability is analyzed. It is
observed that the stability margin and control performance are limited. Thus, this paper
proposes an improved controller structure with an additional series compensator, which can
enhance the stability and suppress the resonant peak. And the transient performance is also
improved. The simulation results align well with the analysis, validating the effectiveness
of the proposed controller. Based on these findings, to guarantee the stability and control
performance, it is recommended that a detailed small-signal analysis of all load conditions
be carried out for the MMC system.
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