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Abstract

The modular multilevel converter (MMC) has become a widely used topology for
voltage source converter—based high-voltage direct current transmission projects. To
calculate the power operation region of an MMC directly and efficiently, we propose a
novel steady-state phasor model of the MMC. The model is expressed as an equivalent
capacitance in series with a voltage source, where parameters are independent of
alternating current (AC) electrical quantity. Based on the model, we propose an open-
loop approach to determine the operation region boundary of MMC by calculating the
envelopes of the P—Q curves. The effect of MMC parameters, the circulating current
control, and the short-circuit ratio of the AC grid to the power operation region can be
determined by the size and position of the power operation region. The proposed
apptroach and analysis results wete vetified by an MMC/AC simulation model built in

Unassigned China; China Scholarship Council,
Grant/Award Number: Unassigned China

PSCAD/EMTDC.

1 | INTRODUCTION

High-voltage direct current (HVDC) transmission systems and
technologies continue to advance as they make their way to
commercial applications [1-3]. It was based initially on
thyristor technology and, more recently, on fully controlled
semiconductors and voltage-source converter (VSC) topol-
ogies [3]. The modular multilevel converter (MMC) is suitable
for high-voltage and large-capacity power transmission due to
its modular structure and has become a widely used topology
for VSC-HVDC transmission projects [4—6]. The MMC and
the two-level VSC have apparent differences in steady-state
operating characteristics, where all the electrical quantities
and control variables are coupled in an MMC due to the effects
of capacitor voltage ripples in each submodule (SM) [7, 8].
Studying the operation region of an MMC plays an
essential role in the parameter design of an MMC-HVDC
system. The VSC's active and reactive power output is deter-
mined by its virtual electromotive force (EMF). Reference [9]
determined the operation region of the MMC by borrowing

from the two-level VSC model and mapping the MMC's power
outputs to its EMFE. This method can determine the boundary
of the operation region. However, there is a specific deviation
in the calculation result without considering the difference
between MMC and two-level VSC.So far, most current
methods to determine the operation region of MMC are
‘secking-and-checking’” or ‘point-scanning’ analysis methods
instead of determining the boundary of the operation region.
In [10], the constraints of the voltage stability, the voltage, and
the current are studied. Reference [11] examined the limitations
of internal dynamics. In [12], researchers studied the operation
region of an MMC under unbalanced power grid conditions.
The influence of circulating current control on the power
operation region is studied in [13, 14]; however, the methods to
determine the operation region are proposed for the circulating
current suppression and injection controls, not universal.
Hence, a general approach to determine the operating region
boundary of the MMC directly is still needed.

The key to accurately determine the operation region
boundary of MMC is to establish a steady-state MMC with
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an open-loop solution method. Much research has been
conducted on the steady-state model of MMC. A steady-
state time-domain analysis model of an MMC was pro-
posed in [15], ignoring the circulating current and its sup-
pression control. Reference [16] proposed a simplified
phasor model of the MMC, ignoring the circulating current.
The accurate models presented in [8, 17] can solve the
circulating current, where the accuracy is relatively high. In
[8], a closed-loop time-domain analysis model of MMC was
established by defining an accurate switching function. The
authors of [17] proposed a general MMC steady-state anal-
ysis model for MMC's optimization consideting vatious
circulating current control methods [13, 18-22]; that is, the
circulating current injection control, the third-harmonic
signal injection control, and the average capacitor voltage
control. The existing steady-state models can accurately
describe the coupling characteristics of an MMC. Still, an
iterative solution had to be adopted because they failed to
decouple the control variables and electrical quantities. There
is a problem in and around the critical point that the iter-
ation may not converge.

In this paper, we study the open-loop method to deter-
mine the power operation region boundary of an MMC. We
first proposed a novel steady-state phasor model of MMC by
deriving the function relation between the output voltage and
current of MMC. Based on the model, determining the
steady-state power operation region is transformed to solve
the envelopes of a family of P—Q curves. The rest of this
paper is organised as follows: In Section 2, the time-domain
model of MMC is described to state the principles and as-
sumptions of the MMC steady-state model. In Section 3, the
complete form of the novel steady-state phasor MMC model
is proposed, and its derivation is presented in detail. Based on
the proposed model, a method to determine the steady-state
power operation region of an MMC is proposed in Section 4.
Section 5 describes the simulation validation in PSCAD/
EMTDC that was done to verify the research in this study. In
Section 6, the conclusions are summarised.

2 | TIME-DOMAIN MODEL OF MMC

2.1 | Equivalent circuit and mathematical
model of MMC

The single-phase equivalent circuit of an MMC [8] is shown in
Figute 1. In each arm, there are N series-connected SMs and
an arm inductor L,. The arm voltages across the N series-
connected SMs in the upper and lower arms of phase i are
#p; and uy;, respectively, and the arm currents are z,; and Zp;,
respectively. The MMC is connected to the alternating current
(AC) grid at the point of common coupling (PCC) through a
three-phase converter, where Ly is the leakage reactance, #,;
and u,; are the single-phase AC voltage on the grid side and
valve side, respectively, and z,; and z,; are the single-phase AC
currents on the grid side and valve side, respectively. Figure 1b
shows the equivalent model of an MMC from the AC side,

FIGURE 1 MMC single-phase model. (a) Single-phase equivalent
model, (b) AC equivalent model, (c) DC equivalent model. AC, alternating
current; DC, direct current; PCC, point of common coupling; MCC,

modular multilevel converter

including #.;, the inner EMF of phase 7, which is also called the
output voltage of the MMC, and ., which is the output cut-
rent of the MMC. Figure 1c shows the equivalent model of the
MMC from the direct current (DC) side, whete Uy, is the DC
line voltage. #g¢r and #.om, defined by Equation (1), are the
differential-mode and common-mode components of the arm
voltages, respectively. The definitions of Zgg and icom, the
differential-mode and common-mode components of arm
current, are shown by Equation (2).

Upi — Uni
Ucomi = — 2 =Uuc
(i=ab,c), (1)
Upi + Ui Udc
Udifri = 5 = 5 Uuro

where #1, is the voltage across the arm inductor.

Leomi = B 2 L= Elvi .

o (t=abc), (2)
. Ioi + 10 1. .
Ldiffi = % = gldc + Zeiri

whete 74 is the DC current and i, is the circulating current.

Assuming capacitor voltages are well balanced, and the
switching frequency is very high, all SMs in one arm can be
considered identical [8]. Therefore, all capacitors in the N se-
ries SMs of one arm can be equivalent to an equivalent arm
capacitor Cq, where Coy = Cy/N, and C, is the SM capaci-
tance. The current flow across the equivalent arm capacitor is
produced by the corresponding switching function and arm
current. By integrating it, the corresponding voltage of the
equivalent arm capacitor is obtained. The upper and lower arm
voltages are produced by multiplying the corresponding
equivalent arm capacitor's voltage with the switching function.
The mathematical expression can be written as Equation (3).
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Leap_pi = Spilpi

anpfni = Snilni

1
> _ s . .
Mcap,pi - ”capo + C / lcapfpzdt
eq
. , ) . (i=a,b,c), (3)
ucap_ni = ”cap() + C / lcapfnidt

eq
J
Upi = SPlucapfpi

>
cap_ni

Uni = Snilt

where s,,; and s,,; are the switching functions of the upper and

lower arms of phase 2, respectively; 2 and i, , are the

cap_|
capacitor currents of the upper and lovfz)ei arms, respectively;
UX cap_pi and UX cap_ni are the equivalent arm capacitor
voltages of the upper and lower arms, respectively; and UX
cap0 is the DC component of the equivalent arm capacitor

voltage.

2.2 | Steady-state equivalent and coordinate
transformation

In steady-state, ignoring the third- and higher-order compo-
nents, the arm current of the upper and lower arms of phase ¢
can be written as Equation (4), and the accurate switching
functions [8] of the upper and lower arms can be defined as
Equation (5). In [8], by substituting Equations (4) and (5) into
Equations (1)—(3), the steady-state time-domain model of an
MMC was obtained.

{ ipi = Laigro + Lcom coS(0F = @oi) + Laieez cos (208 — @ iger;)
fni = Laigio = Leom €OS(@F = Poi) + Laitrz €08 (208 = Piger;)

(i=a,b,c) (4)

where Ly is the DC component of the differential-mode arm
curtent, loom and @eom; ate the magnitude and angle of the
fundamental component of the common-mode arm current of
phase 7, and Ly and @giep; are the magnitude and angle of the
second-order component of the differential-mode arm current.

1
Spi = “Mge

1 1
5 — EMC cos(wt + 0.;) + ZMZ cos(2wt + 0;)

1 1 1
Sp = EMdC + EMC cos(wt + 0.;) + EMZ cos(2wt + 0;)

(i=a,b,c) (5)

where M. is the DC modulation index; M. and 6.; are the
magnitude and the phase angle of the fundamental modulation

components, which come from the inner-loop current con-
trollet's outputs; and M, and 6,; are the magnitude and the
phase angle of the second-order modulation components,
which come from the circulating current controller's outputs.

The Park transformation matrix from the abc reference
frame to the dg0 rotating frame is defined as Equation (6),
where the superscript + represents the positive sequence, and
the superscript — represents the negative sequence.

[cosO  cos(@—21/3) cos(6+21/3) ]
Pt = % —sin@ —sin(@ —27/3) —sin(0 + 27/3)
12 12 1/2 |
[cos @  cos(@+2m/3)  cos(0—2m/3) ]
P :% —sin® —sin(0+21/3) —sin(6—27/3)
12 1/2 1/2 |

(6)

Thus, Equations (4) and (5) can be rewritten in the form of
d and q components, as shown by Equations (7) and (8),
respectively. The subscripts d and g are the corresponding
d and g components, respectively.

ipi = Laitto + [Leoma cos(@t + 0;) — Leomg sin(wt + 6;)]
+[Lasera cos (2wt + 6;7) = Liigrog sin (20t + 6;7) ]

tni = Ligto = [Leomd cos(@t + 6;) = Lomg sin (ot + 6] )]
+[Laiseaa cos (20t + 0;7) — Loy sin (2wt + 6;7)

(i=a,b,c) (7)

1 1
Spi = Mac =

7 2 [Med cos(wt+9i+) - My sin(a)t+6i+)]

3 [May cos(20t + 6,7) = My sin (20t +07)]

Sna = %Mdc +% [MCd COS(CL)t + H:r) _Mcq Siﬂ(&)t + Gj)}

4 [May cos(20t + 6,7) = My sin (20t +07)]
(i=a,b,0) (8)

where 0+ a = 0, 0+ b = —2r/3, 0+ ¢ = 2n/3, 0-a = 0, 0-
b =2n/3, and 0-c = —21/3; I.omg and Lomg are the d- and g-
fundamental current components of arm currents; Iy and
Idiffzq are the d- and g-second-order components of arm
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currents; M.q and M., are the d- and g-fundamental modula-
tion components; and Mpy and My, are the d- and g-second-
order modulation components.

In a three-phase symmetrical condition, there are a total of
five control components: Mye, Meg, Mg, Moy, and Moy, which
controls the five arm current components, including Iy,
Teomds Lcomgs Laitr2d, and L. Nevertheless, the control pro-
cess is not decoupled due to the effects of capacitor voltage
ripples in each submodule [7, 8].

3 | STEADY-STATE PHASOR MODEL OF
MMC

3.1 |
model

Derivation of MMC steady-state phasor

To detive the function relationship between the MMC's output
voltage U, and the output current I, in phasor form, let us
define the current vector as Iyyc = [aifo Leomd Leomq Laite2d
[diffzq]T, the current vector of tbf: equivalent capacitor as
Tap = Ueapo Leapd Leapg Leapd Leap2q) ', the voltage vector of the

: : S o) o) s
equivalent capacitor as U, = [Ug, Ucapd Ucpq Ucapzd

) T _
Ugogl and the output voltage vector as Uypuc = [Usgirro

Ucomd Ucomg Ulitrod Udiffzq]T. Define the switching function
transformation matrix Sy, the equivalent capacitance voltage
transformation matrix Sy, and the voltage output trans-
formation matrix Sgnpe, as shown by Equation (9). Thus,
according to the symmetry of the upper and lower bridge arms,
Equation (3) can be rewritten in the matrix form as shown by
Equation (10).

(Mac Mg Mg My My
2 4 4 4 4
2 2 4 4 4 4
Sy= | Mg My Moc Mg Moy Ma
2 4 2 4 4 4
_Mzd Mcd Meq Mdc 0
2 4 4 2
_@ _Meq _Mcd 0 Mg
2 4 4 2
00 1/oCq 0 0
0 -1/wC.q 0 0 0
Su., =
Colooo 0 0 1/20Cq
00 0 -1/20C,, 0
St =diag([1 =1 =1 1 1])Sy

WANG ET AL.
Iy = Sulamc
) T
Uczap = [ Ui‘apO SUcﬂplcaP ] (10)

_ 2
Unnic = SU.‘\IM(I U

cap

Note that the DC component of capacitance current equals
0 in the steady state, which is expressed as Equation (11):

M dc M ed Mcq M 2d M 2q I
- - — — | Immc
2 8 § 2 2 (11)

1 cap0 —

I
o

According to Equation (1), the equivalent of the output
voltage vector Uypc is obtained as

UMMC:[Udc/Z Uaga Uy —Urp _ULOZq]T, (12)

Uroad _| 0 —2wLq | | Lair2d
ULz 2wl 0 Liitrag

Substituting Equation (10) into Equations (11) and (12)
and combining them, the steady-state operation equation of an
MMC can be obtained as Equation (13). The expressions of
the matrices in Equation (13) are shown by Equations (B-1)—
(B-0) in Appendix B.

where

Uczap()
L comd Ligro
0=A +B + CUq
Leomg Liigrod
I diff2q
I (13)
Uczap()
Uy 1 omd L gigro
=D +E + FUyq.
U Leomq Liigoa
I diff2q

Thus, the functional relationship between the AC voltage
and current outputs of an MMC can be derived, as Equa-
tion (14) shows. It is the steady-state phasor model of MMC at
the AC side.

U, I,
|:ch:| = —Zync [[VZ] + E., (14)
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{ Zyyie = —(D —EBTA) /2
where 1 .
Ec =MycUse = —(EB7C) Uy
The impedance matrix Zypyc can be written in the form of

0 —XMmc
Xanvc 0
side can be described as the equivalent model with the reac-

] , which means that the MMC from the AC

tance Xy and the voltage soutrce E, in seties.

Let us take X790 = wly and Xcoq = 1/(@C.), and
normalise them. The rated MMC DC voltage U,en and the
rated DC power Py are selected as the base values of the DC
voltage and powet, respectively. The selection method of Uy,
the rated voltage on the valve side of the converter trans-
former, is shown by Equation (15), and it is chosen as the base
value of the MMC's AC output voltage.

V3m
U = 2U4en, (15)

2V2

wherte my is the no-load transformation ratio of the converter
transformer; usually 0.85.

Thus, the parameters of the equivalent model in a per-unit
system will be obtained, as shown in Equation (16).

1 +6+¢3
64(81 + &+ G5)

E = Ua. ’ XCCqKMid—Miq)MZdJrZMendquq] My
© Mo (61 +8+8) "

Xame = — Ceq

cq

N 3XCequc Mzd MZq Med
mpMac(§1 + 5+ 85) Moy —Moy | | M

cq

where
¢y = 32M 4. X10(8M3, — 3M?> — 2M3)
16M}_ + 3M? + 2M,
G2 = _Mchth
—16M3 M? — 12M5 M5 — 2M>M;, |,
63 = [32X10 — (12M5, — 2M? + M3) X ceq
[(Mgd - Miq)MZd + ZMchchZq]
§1 =32M4.X 1o
§o = —Mac2M3 + M2 — M3)X e
53 = [(Mgd _Miq)MZd + ZMCdMeqMZq]Xch

i

where Mg :Mid —&—M; and M; zMgd —l—Miq.

It should be noticed from Equation (14) that even when
the DC voltage is specified, the EMF of the MMC U, cannot
be completely determined by the controller outputs, but is
related to the AC currents. That is why [8] was required to
adopt a closed-loop analysis method to calculate the unknown
variables of an MMC.

3.2 |
model

Parameters analysis of MMC phasor

In the MMC-HVDC system of half-bridge SMs, the DC
modulation index My is generally constant at 1. In a full-bridge
ot a hybrid system, My, is approximately equal to 1 [23-26].

Equation (17) shows the parameter selection methods of
the SM capacitor and the arm inductor [27]:

C Px [1 (m/e cos <p)2] ”
0= 5 —\—
3mpNwoec UL, N 2
e a7
1 Py
Li=———— | — + Uge
0 Sw(z)co UcapN <3]km + ¢ N>

where Ue,, is the rated capacitor voltage, €y, is the designed

ripple percentage of capacitor voltages, [, Pis the designed
peak value of the circulating circulation, @y is the fundamental
angular frequency, and cosg is the power factor, taken as 1.
If we define €5, = L/ (\/ 2[,\), which is the designed
percentage of the circulating circulation peak value, there is the

function relation shown by Equation (18) between X and X¢.q:

X 1 my 1
=—11 >—. 18
Xceg 8 < + 4€1m 8 (18)

Ignoring the second-order modulation components of the

switching function, because its index M, is usually small, the
equivalent reactance Xypic can be simplified to Equation (19).
It illustrates that Xype < 0 when the fundamental modulation
index M, varies between 0 and 1, which means the reactance in
the MMC steady-state model is capacitive.

Xeo 6(3M%, — M*) X,
Xvme = — Ceg 8/1/131c - 3M§ + ( de h e) gjq Mf
64 32X10 — (M5 + M2) X ceq
Xee 6M2(3M?* — M>
<2 g _3M%+M <0
64 ¢ e 4— ZMdc T Me
(19)

3.3 | Model of an MMC connecting to an AC
grid

The equivalent model of an MMC connecting to an AC grid is
shown in Figure 2. The MMC is described by an equivalent
capacitor Xynvc in seties with the equivalent voltage source E,,
as shown inside the blue box. The AC grid is equivalent to a
Thevenin model of the equivalent voltage source E; in series
with the equivalent resistance Z; £ 0. The value of Z; equals
the reciprocal of the AC grid's short-circuit ratio (SCR). Xy
and k- are the reactance and the tap of the converter trans-
former, respectively. U; and I, are the voltage phasor and
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Es U pijo U Uc Xume . Ec

JoLy/2

1
I
|
— I MMC | g ! L

Controller

FIGURE 2 Equivalent model of an MMC connecting to an AC side.
MMC, modular multilevel converter

current phasor on the transformer's grid side, and U, and I,
are the voltage phasor and current phasor on the transformer's
valve side, respectively. P and Q are the active and reactive
power outputs of MMC to the grid.

After obtaining the Xynic and E,. by Equation (16), we can
solve the AC current of MMC as follows:

1.=(z./k+ zz)_1 (E.—EJk),  (20)

where
cos O, —sin 6 .
Z,=2, [sin 0, cos 0, } ’ ZZ o
0 — (Xt + X10/2 + Xvic)
X+ Xr0/2 4+ Xanic 0

Finally, the DC component of the equivalent arm capacitor
voltage UY. cap0, the DC component of arm currents Ly, and
second-order components of arm currents lypg and Ly, can
be determined by Equation (21). Detailed expressions of Sg and
Sc are shown by Equations (B-7) and (B-8) in Appendix B.

Uiqp()
Iy
R [?d] +ScUqc (21)
Lirod vq
Liifeag

According to Figure 2, the control process of an MMC—
HVDC system can be desctibed as follows: The controller
controls the output voltage and current by changing the d and g
components of the equivalent voltage source E and the value of
the equivalent capacitor Xync, to track the control target of
output power. The explicit expressions of Pand Q to the control
components Mae, Meg, Moy, Mag, and My, can be obtained by
substituting Equations (16) and (20) into Equation (22).

I.=1,/kr
U =E, +7Z]I,
P=U'I 7 (22)
0 -1
=U’ I
Q=U. 10 ]t

Thus, the open-loop analysis method can still be
adopted to analyse the effect of control variables on the
power outputs, by directly mapping the constraint con-
dition of the controller outputs to the constraint on the
output power.

4 | STEADY-STATE POWER
OPERATION REGION

4.1 | Operation region boundary of
converter constraint

Due to MMC's topology, the number of SMs limits the avail-
able range of the arm voltage, which is the most dominating
constraint on the power outputs of an MMC. It is impossible
to achieve the operating points beyond this limit. Therefore,
the number of SMs required to be in the ’ON’ state should not
be more than the total number of SMs in a bridge arm, as
shown in Equation (23).

0<Ns,; <N
{ <N (23)

0<Ns,;; <N

Thus, M. should satisfy the constraints shown in Equa-
tion (24), while considering the component for circulating
current control.

Mc € [Mcfmilu Mcfmax]? (24)

Where Mc_min - 0, Mc_max - min(MdC +M2, 2 _Mdc —Mz).

4.1.1 | Determination method of operation
region boundary

According to Equations (16), (20), and (22), the equation of
P-Q curves can be written as P = P(M,, 6.), Q = Q(M., 6.).
The MMC steady-state power operation region comprises a
family of P-Q cutrves of various M. within the range of
[Me_mins Me_may)- Thus, determining the steady-state powet
operation region is transformed to solve the envelopes of the
family of P-Q curves.

If the envelope exists, the points on the envelope follow
that:

oP 0Q P oQ
oM. 00, 00, oM.

(25)

The power flow equation at the PCC is P = P(Uq, U,,) and
Q = QUuy, U,), where the Jacobian is defined by
Equation (20):
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FIGURE 3 P-Q curves and operation boundaries
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It is derived that the determinant of the Jacobian equals 0.
The proof is shown in Appendix A. Thus, the envelope of the
family of P-Q curves is equivalent to the cutve cortesponding
to the condition that the Jacobian of the power flow equation
is singular.

Plot P-Q curves with various M, in its defined domain, as
shown in Figure 3. The case shown in Figure 3 is of SCR = 1.5
and 0, = 80°. In the P-Q chart, P > 0 means that the MMC
operates in the inverter state, and P < 0 reflects that the MMC
operates as a rectifier; Q > 0 illustrates that the reactive power
output of MMC is inductive, while Q < 0 means MMC outputs
capacitive reactive power.

The lower boundary, as shown by the solid red line, is
determined by the singularity condition of the Jacobian of the
power flow equation, on which the points follow as
Equation (27).

E'E,=2E'V,. (27)

A P-Q curve is divided into two patts by its tangent
points with the lower boundary if the tangent points exist,
where the saddle-node bifurcation occurs. Considering the
control process of MMC and the voltage stability at the PCC,
the points in the solid lines are high voltage equilibrium and
are stable; conversely, the points located in the dashed
lines are unstable [28]. Some P-Q curves with small M, have
no tangent point with the lower boundary, where all the
operating points are unstablee. MMC can operate at the
dashed line points by directly controlling the fundamental

modulation indices Mcq and M,

outputs at their target value. Therefore, without considering

but cannot adjust the power

the security constraints of the voltage offset and the current
overload, the upper boundary of the power operation region
of an MMC is determined by M, = M., as shown by the
solid blue line.

The upper boundary is related to the MMC's parameters,
while the lower boundary is determined only by the AC grid's
parameters. The region enclosed by the two boundaries,
shown as the light grey area, is the feasible operation region of
an MMC connecting to an AC grid constrained by the con-
verter. The dark-filled area consists only of the dashed line
patt of the P-Q curves, where the MMC could operate by
directly generating the controller outputs; that is, My, M4,
M.y, Mrq, and Mo, but this condition is abnormal. Points A
and B are the tangent points of the upper and lower bound-
aries, where the MMC delivers and receives the maximum
active powet, respectively.

4.1.2 | Effect of the second-order modulation
components on the operation region boundary

Substituting M2 = M2, + ng and M3 = M3, +M§q into
Equation (16), note that both the detivatives of Xypic and
| E.|| with respect to 6, can factor out the item of sin(@,—26,).
The detailed expressions of Xyic, || Ec|l and their derivatives
are shown by Equations (B-9) and (B-10) in Appendix B. The
derivates of P and Q with respect to 6, can factor out the item
of sin(@, — 26.) as well, according to Equation (28), which
means that when 6, = 26, or 6, = 20, + =, the upper boundary
is the highest and the size of the operation region is the largest,
if M, is specified.

£ _ oP  dX\mc oP d|E.|
d92 0Xmc d92 6||EC|| do,
g: 0Q dXmmc 0Q d||E.|
do, OoXynic d6Os Ol|lE|| d6>

Thus, substituting Equation (29) into Equation (22) and
calculating it with 6. changing from 0 to 2=, the upper
boundary can be determined:

Zd MZ Zd 2
e eq e <q
Mg = —M, M(Z: Mg =M> M?
or (29)
2M My 2M aM oy
qu:—MZTz M2q:M2 Mg

Figure 4 shows the boundaries of the power region with
various second-order modulation indices M, when the SCR is
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FIGURE 4 Operation boundaries with vatious M,

1.5 and 6; is 80°. The solid line represents the case of 8, = 26,
and the dashed line corresponds to 8, = 26, + n. Under this
condition, the upper boundary is the highest when 6, = 26..
Howevet, the second-order modulation index M, occupies the
range of the fundamental modulation index M., reducing the
size of the operation region. Therefore, the operation region is
maximised when M, = 0; that is, when there is no circulating
current control.

4.1.3 | Effect of the converter parameters on the
operation region boundary

It is noted from Figure 2 that the equivalent reactance Xymic
could affect the power outputs of MMC, which means both the
arm inductor Ly and the capacitance C, affect the operation
region of MMC. According to Equation (19), reducing the
submodule capacitance C can reduce Xync. However, the arm
inductor Ly should be increased with the reduction of C, ac-
cording to Equation (17) to guarantee the peak value of the
circulating current. Therefore, we analyse the influence of the
designed parameters €, and €xm on the maximum active po-
wer transmission. Figure 5 shows the results when the SCRis 1.5
and 6, is 80°.

As shown in Figure 4, when &j, is large (that is, the arm
inductor Ly is small), reducing the submodule capacitance C
can increase the power transmission of the MMC. When &, is
small, reducing C will reduce the MMC powet transmission.

When €p., is very small and &, is very large, the maximum

ca
power transmission will be sign[i)ﬁcantly reduced, which may
not satisfy power transmission requirements. Therefore, when
designing the converter parameters, the requirements for
inductance and capacitance parameters by the maximum power

transmission should also be checked.
4.2 | Operation region considering the
current constraint

To protect the semiconductors in an MMC from overload, an
additional current limiter is included in the current controller

FIGURE 5 Influence of converter parameters on the maximum power

transmission: (a) inverter, (b) rectifier

—— Upper boundary Region 1
Lower boundary BN Region?2
Current Constraint cgion
2 T '
—
| |
0.5 \ ;

_OIE 1
-1.5 -1 -0.5 0 0.5 1 1.5 2

FIGURE 6 Operation region considering security constraints

to keep the current I, within the rated current of the MMC [8].
Similar to the analysis of converter constraint, according to
Equation (22), the equation of P-Q cutves can also be written
as P = P, ¢,) and Q = Q(,, @,), where I, and ¢, are the
magnitude and the angel of the current I, respectively.
Therefore, the region satisfying the current constraint com-
prises a family of P—Q curves of vatious I, within the range of
[0, Iy _max), where I, . is the current limit. The boundaties of
the current constraint consist of the P-Q curve with
I, = I,_nax and the curve determined by the condition that the
power flow Jacobian is singular.

The operation region considering the security constraints is
shown in Figure 6, where SCR is 1.5, 6; is 80°, and I, . is
1.18. The red curve is the lower boundary of |J| = 0, the blue
curve is the upper boundary of the converter constraint, and
the green curve is the boundary of the current constraint.
Region 1, shown in light grey, is where the operating states
meet both the converter constraint and the current constraint.
Region 2, located by both the left and right sides of region 1, is
where only the current constraint is violated. MMC could
operate in region 2 by using oversized insulated-gate bipolar
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——— Upper boundary Lower boundary Region 1 TABLE 1 Parameters of the simulation system
— — - Unstable parts of M=M, nx —— Current Constraint @l Region2
Parameter Value
@ ®
2 gn ~ 2 e EMF of AC grid (kV) 551.25
52 = 5 2 oy
= = SCR 1.5
s Qg =
2 2 Impedance angle of AC grid (°) 80
64 2 G642 2 Rated frequency of AC grid (Hz) 50

Transformer ratio (kV: kV: kV)

525:66:437.23

P(p.u.) P(p.u.)

FIGURE 7 Influence of SCR on power operation region. (a) SCR is 1,
(b) SCRis 2, (c) SCR s 3, (d) SCR is 6.68, (¢) SCR is 10, (f) SCR is 25. SCR,

short-circuit ratio

transistors to provide system support features during emer-
gency conditions [29]. However, an MMC connecting to an AC
grid cannot operate stably in the region outside the union of
regions 1 and 2.

4.3 | Effect of the SCR on the operation
region

The power operation regions under various SCR conditions
are shown in Figure 7. The SCRs are set to 1, 2, 3, 6.68, 10, and
25, and 6 is set as 80°. In this example, [, . is set as 1.18,
M. ox as 1, and M, as 0, and the | Zy | is approximately equal
to the inverse of 6.68. It could be noted that both region 1 and
region 2 expand with the increase in the SCR.

In Figure 7a,b, where the SCR is relatively small, the
lower boundaries of region 1 are determined by |J| = 0, and
both the P-Q curves of M, = M, . and of I, = I, .., have
tangent points with the lower boundary. If the SCR is quite
small, as shown in Figure 7a, the dominating constraint is
only the converter constraint, and the MMC could always
transmit power without violating the current constraint. After
the SCR increases, as shown in Figure 7c—f, the curve of
I, = I, . will have no tangent point with the curve of |
J| = 0; that is, region 1 can be determined by M, = M, .«
and [, = I, e

Figure 7a—e shows that the lower boundaries of region 2
are determined by |J| = 0, and the upper boundaries are the
stable parts of the P-Q curves with M. = M, ..., where the

Transformer winding configuration Yo/A/Y
Transformer power rating (MVA) 1380
Leakage reactance 24,14, 8
DC voltage (kV) +420
Rated active power of MMC (MW) 1250
The number of SMs in each arm 500
Capacitance of SM (uF) 11,000
Arm inductor (H) 0.14

Abbreviations: AC, alternating current; DC, direct current; EME, electromotive force;
MMC, modular multilevel converter; MVA, Megavolt ampere; MW, Megawatt: SCR,
short-circuit ratio; SM, submodule.

lower parts are stable when SCR < 1/|Zy| and the upper
parts ate stable when SCR > 1/ ZZ |. The unstable parts of
the P-Q curves with M, = M, .. are indicated by the dashed
blue line. In particular, when the SCR is quite large, as shown
in Figure 7f, the P-Q cutrve of M. = M. ..., has no tangent
points with the curve of |J| = 0; that is, the singularity of
Jacobian is no longer the boundary condition of the MMC
steady-state power region, and all points inside regions 1 and 2
are stable.

5 | SIMULATION VALIDATION

To verify the proposed model and power region calculation
method, we established a single-terminal half-bridge MMC-
HVDC simulation system in PSCAD/EMTDC; the system
parameters are shown in Table 1.

5.1 | Verification of the steady-state phasor
model

We calculated the proposed model in this papet, the models in
[9, 10, 13], and the accurate models in [8, 17] using Mat-
1ab2016, and compared their results with the simulation results
in PSCAD/EMTDC. In this example, the DC modulation
index is set as 1, the fundamental modulation index M, as 0.95,
and the second-order modulation index M, as 0. Changing 0.
from 0 to 2n by the step A6, as n/1800, the CPU time of the
three models in Matlab2016 is 0.1716, 0.1035, and 110.7943 s,
respectively. The comparison between the calculation results
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and the simulation results in PSCAD/EMTDC is shown in
Figure 8.

There are 12 sets of comparison curves, including the
active power P and reactive power Q, the d- and g-compo-
nents of voltage U, the d- and g-components of the common
voltage U,, the d- and g-components of the current I, the DC
component of the equivalent arm capacitor voltage U, cap0,
the DC component of arm currents Iy, and the d- and g-
components of the second-order components of current Iyp.
Only the former eight curves can be obtained by the model [9,
10, 13]. The solid blue lines denote the calculated results using
the proposed method; the black balls denote the simulated
results. The average relative errors between the calculation
results and the simulation results are 3.2536%, 2.7387%,
2.8025%, 2.7007%, 3.3567%, 3.5763%, 1.1105%, 1.7416%,
0.1079%, 1.6837%, 3.5879%, and 4.7986%, respectively, which
are all less than 5%. In other words, the proposed model has
high accuracy. The calculated results of the models [9, 10, 13]
are denoted by the dashed red lines, which do not fit well with
the simulation results because the models cannot describe the
coupling characteristic inside the converter. The results of
models [8, 17] are denoted by the solid red lines, which is
accurate.

Thus, it is verified that the proposed model in this paper has
high accuracy and has apparent advantages in computational
efficiency due to its open-loop calculation process.

5.2 | Verification of determination method
of the operation region

To verify the determination method of the upper boundary, we
set M. max as 0.95 and calculate three examples of 6, = 26,,
60, = 20. + n, and 6, = 20. + n/2. The calculation results
denoted by the solid lines and the simulation results denoted by

Proposed model —— Models [8,17]
(a) () ° Simulated I Models [9-10,13]
2 3 -1 5 1
2 0.\ H 20095 //\'\
"2 ™~ s, SN 50082
EN B E
SZ e < w g 0\/
0 \-‘/ =1 < 2
3! 32 B
-1 -1 ~ .05
=2 ~1 -1
2 N 2 £05
Sl Seee < g 0/\/*\

0 w2 w2 on o w2 wamzan 0% w2 om 32 on

6./ ra 6./ rad 6./ ra

FIGURE 8 \Verification and comparison for the proposed MMC
model. (a) Curves of the variables at the grid side, (b) curves of the variables
at the valve side, (c) curves of the variables inside the MMC. MMC,
modular multilevel converter

the black balls are shown in Figure 9. The average relative
errors are 1.0827%, 1.1573%, and 1.0318%, respectively. The
upper boundary of 6, = 26, is at the highest position, which
matches the analysis results in Section 4.1.2. Thus, it is verified
that the proposed determination method for the upper
boundary of the power operation region is correct and can be
used to analyse the influence of the second-order modulation
components on the operation region.

To verify the calculation method of the lower boundary
and the current constraint boundary, two typical operating
points were simulated in PSCAD/EMTDC, whete the first
point was in region 2 and the second was outside the sum
of regions 1 and 2. Calculating by Equation (27), the active
power was 1.006 when setting the reactive power to 0, which
is on the lower boundary. Figure 10 shows the response to
the change in active power from 1 to 1.01 at t = 20 s.
We found that the system is stable at the first point although
the current /; exceeds its rated value (1.375 kA), but the
system would be unstable at the second point, which con-
firms the theoretical calculation of the power operation
region.

e Simulated
1 T T T T
. — 6,=26.

—_— — 92=2 95+1T
= 6,=26.+1/2
& 05 / 7
QA

0 | | ! ; | |

-1.5 -1 -0.5 0 0.5 1 1.5 2

P(p.u.)

FIGURE 9 \Verification of the calculation method for the upper
boundary of the power operation region

25050 3035

25 15 20 25 30 3
£(s) 1(s)

FIGURE 10 Comparative verification curves. (a) active powet,
(b) reactive power, (c) voltage root mean square (RMS) of grid side,
(d) current RMS of grid side
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6 | CONCLUSIONS

Considering the different operating characteristics of the MMC
and the two-level VSC, we propose a novel steady-state phasor
model of an MMC done by deriving the function relation
between the voltage and current outputs in the d-g frame. We
also propose an open-loop calculation method for the steady-
state power operation region of MMC based on the model and
study its influencing factors.
The main conclusions are as follows:

1. The MMC is equivalent to an equivalent capacitor in series
with an equivalent voltage source. In contrast, there is no
equivalent capacitor at the AC-side equivalent model of a
two-level VSC. The equivalent capacitor in the MMC model
reflects the influence of converter internal coupling char-
acteristics on the AC outputs; that is, the difference between
an MMC and a two-level VSC.

2. The limit power operation region is constrained by the
converter, which is the most fundamental constraint. The
uppet boundary is determined by M. = M. ... and the
lower boundary is determined by the condition that the
Jacobian of the power flow equation is singular. The
lower boundary is determined only by the AC grid pa-
rameters, but the upper boundary can be affected by the
MMC parameters and the circulating current control
mode.

3. Considering the current constraint of MMC, the operation
region of MMC is divided into two parts: region 1 is where
the operating states meet both the converter constraint and
the current constraint, and region 2 is where only the cur-
rent constraint is violated. The SCR has an essential influ-
ence on the size and the dominating constraints of the
MMC operation region.
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This section shows the derivation that the determinant of the Jacobian of the power flow equation equals 0 from the condition of

the envelope.

The condition of the envelope shown by Equation (25) can be rewritten as

oP , oP
oM. o6,
, k#0 (A-1)
Q kaQ
oM, 6.

Equation (A-2) gives the function relation between the partial derivatives in Equation (A-1) and the elements in the Jacobian of

power flow equation.

oP 0P dUy 0P Uy
oM. oUy oM. ' U, oM.,
oP P oU, P 0Uy
0. oUy 0.  oUy, 0o,
(A-2)
8Q 9Q Uy  9Q Uy
oM. oUy oM,  dU, oM.
9Q 9Q aUy | 8Q dUy
8. oUy 0. ' oU, 06,

Substituting Equation (A-1) into Equation (A-2), the partial derivatives in Jacobian of power flow equation can be expressed by

Equation (A-3).

oP <6Utd_ kaUtd> _op (@th_ kath>

oUy, \ OM, 00, oUy, \ OM. 00, (A3)
A-3
0Q (oUy _kaUtd _ 0Q (oUy _kﬁth
oUy, \ OM, 00, oUy, \ oM. 00,
Thus, Equation (A-4) can be obtained.
oP 0Q oP 0dQ (A-4)

oU, 0U, U, 0Uy
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The determinant of Jacobian of the power flow equation is calculated by Equation (A-5), which equals 0.

oP 8Q

oP 0Q

A o0Q oqQ| eUyaU, éuU,eU,

oP  oP
oU, U,
oUy 0U,

APPENDIX B

0 (A-5)

The detailed expression of matrices in Equation (13) are shown by Equations (B-1)—(B-5).

My

M

- 4
8 8
_MedMZq +Meq(4’Mdc +M2d) _Med(4Mdc —Mzd) _MeqMZq
32wC, 32wC,
A= (B-1)
_MchZq +Meq(3Mdc +M2d) _Mcd(:)’Mdc —Mzd) +MeqM2q
16wCq 16wCq
Mcd(SMdc +M2d) _MchZq MedMZq_Mcq(3Mc1c _MZd)
i 16wC 16wCq ]
i 0 Mdc @ @ |
2 4 4
M. 0 Mch2q+2Mcheq MdCMZd—i_Mgd_ng
2 160Cq 16wCq
B = (B-2)
Moy MacMoy + 2M gM,, Mg + Moy + M1,
e 0 — 2wl
2 8w Ceq 16wCq
2 2 2 2 2
ng MchZd +Med_Meq ZMdc+Med+Meq
—_— Za)LO - 0
L 2 860ch 16wceq d
c=[0 -1/2 0 o] (B-3)
; 83, + (M2, + M2,) = 2(M3 + M3,
320C,,
D= (B-4)
8M3. + (Mﬁd +M§q) - 2(M§d +M; q)
0

32wC
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Mcd MchZq_Meq(4Mdc +M2d) Mcd(BMdc +M2q) +Mch2d Mcd(BMdc +M2d) _MchZq
2 16wCq 16wCq 16wCq
E= (B-5)
Mcq MedMZd _Mcq(4Mdc _MZq) Med(3Mdc _M2d> +MeqM2q Med(?’Mdc _MZq) _MchZd
2 160Ceq 16wCq 160wCq
F=[0 0 0 0]" (B-6)

The detailed expression of matrices in Equation (21) are shown by Equations (B-7) and (B-8).

[AlMcq + 2 (MchZq - MchZd)]kach
64(8 + 8+ 85)

[AsMeg + 3Mac (MgMog + MegMag)| X o

mp($y + o +E5)

[ = MMy + Ao (MeaM oy + MegMog) | miX ceq
64(8) + & +¢5)

[AsMeg + 3Mae(MogMog — MegMog)] X ceq
m (& + o+ C5)

S =
B PMJ (3M§C - M, +M§q) + Moy (6MacM oy + MgMs, -Mequd)}XCeq [2Meq (SMﬁC + M, -ng) Moy (6MacM oy + Mgy Jrzweq/wzq)]xceq
HE+ 6+ ) 4 +6+ )
[2M g (3M, = 2M2) + Moy (6MacM oy + Mgy — MogMig) ] X o |28 (305, = 2012, ) + Mo (MacM g+ MaMog + MogMog) | X
4G +8+8) 4+ +E) -
(B-7)
A = Me[8MG, = 2(M2y + M?,) + 2(M5y + M5,)| X ceg — 128MacX 1o
where { 2, = [8M3, — 2(M2y + M, )| X ceq = 32X 10
Ay = [2M3 + (M2 + M2) — (M3 + M3 )1X ceq = 32X 10
2M? M+ M) X X !
Sc = [ g T 2( od T cq>:| Ceq — 32X 10 0 16M,, 16Moy (B-8)
Cl + Cz + 4’3 mp($1+C2+C5) mp($1+C2+C5)

The expression of Xynye and || E.|| is shown by Equation (B-9), whete the derivative with respect to 0, is shown by
Equation (B-10).

(61 +¢ +€3)chq
64(¢ + 8+ ¢5)

X MMC =

Me Udc \/(gl + €2)2 =+ (3XchM§’gM2)2 =+ 2(51 + 52) (3XCeqM§[L~M2)COS(92 - 266)
mMae(8y + 8+ (5)

”ECH =

dX e _ M2MrXceg{ X ceq(s1 + 62) — [32X10 — (12M5, — 2M> + M3) X e (C + 80) }

dob, A+t ) sin(6, ~ 26)

d|E|  MMUsXcey |:(3M?l'c M) (& + &) = (BMEMMyX o) = 3MEMAMoX o (Cy + &) cos(6r — 296)] i0(6, — 26.)
_ sin(@, — 26,
402 M6y + o+ OV (G + 0 + (BXouMids) +2(6 + 8) (3X cugMiMy)cos(0: — 26,)

(B-10)
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2)

M

acM; — 2M
)XCeq]

2
2

M? —12M

2
dc

= 2MZ M

2)
+ 2M; — 16

MZM; cos (0> — 26.)[32X 1o — (12

é’l = 32MchL0

4
e
)XCeq

—3M
+ 3M

4
dc

2

e
2
2

2
dc

~MaeX ceq(16M,
+ M -M

2
dc

MrX ceq cos(0, — 26..)

_M dc (
M2

¢ = 32Ma.X10(8

G2
S3
&
s

WANG ET AL.
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