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Enhanced Independent Pole Control of Hybrid
MMC-HVDC System

Wang Xiang, Student Member, IEEE, Weixing Lin, Member, IEEE, Lie Xu, Senior Member, IEEE, Jinyu Wen, Member, IEEE

Abstract—This paper presents an enhanced independent pole
control scheme for hybrid modular multilevel converter (MMC)
based on full bridge sub-module (FBSM) and half bridge
sub-module (HBSM). A detailed analysis of power distribution
between upper and lower arms under asymmetrical DC pole
voltages is presented. It is found that the fundamental AC
currents in the upper and lower arms are asymmetrical. To
enable operation under asymmetrical DC pole voltages, an
enhanced independent pole control scheme is proposed. The
controller is composed of two DC control loops, two AC control
loops and circulating current suppression control based on
current injection. Six modulation indices are presented to
independently control the upper and lower arms. With this
controller, the DC voltage operating region is significantly
extended. To ride through pole to ground DC fault without
bringing DC bias at the neutral point of interface transformer, a
pole to ground DC fault ride through strategy is proposed.
Feasibility and effectiveness of the proposed control scheme are
verified by simulation results using PSCAD/EMTDC.

Index Terms— Asymmetrical DC pole voltage, DC pole to
ground fault, DC pole to pole fault, energy balance, hybrid MMC,
overhead line.

1. INTRODUCTION

Increasing demand for integrating bulk onshore renewable
energy over long distance has promoted researches on
MMC-HVDC (modular multilevel converter based HVDC)
transmission using overhead lines [[1][2]] To deal with the
frequent DC faults on overhead lines, several DC fault tolerant

topologies have been proposed Although these
topologies can isolate the fault current by blocking the IGBTs

of the MMC, it prolongs the shutdown of the entire HVDC
system and loses the ability to continuously support the AC

system during DC faults

To ride through DC faults without blocking the IGBTs, the
hybrid MMC based on full bridge sub-module (FBSM) and
half bridge sub-module (HBSM) has drawn significant
attention in the last few years [7]. The hybrid MMC utilizes the
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negative voltage output ability and has the merits of fast DC
fault current clearance, flexible DC voltage manipulation, and
quick system recovery. The design, operation and improved
PWM modulation of hybrid MMC have been discussed in
Its pre-charging and pole-to-pole DC fault ride through

strategy were studied in|[10]] and in|[11]]an optimal design
method to determine the number of FBSM and HBSM was

presented and a DC modulation index and elementary control
were also introduced.

However, most of the existing literatures have mainly
focused on the design, operation and control of hybrid MMC
under symmetrical DC pole conditions. Limited attention has
been paid to asymmetrical conditions which are common in
practical applications. For the HB MMC, reference
analysed the behaviour of HB MMC under asymmetrical arm
impedance and a differential mode controller, a common mode
controller and power balance controller for each phase
whereas were designed. An asymmetric control mode for HB
MMC to suppress capacitor voltage ripples in low frequency
low voltage motor drive applications was proposed in
References[[14]]and[[15]]studied the general performance of
HB MMC under asymmetrical DC pole voltages and it was
reported that there would be DC bias voltage and current at the
secondary side of the interface transformer, which increase the
cost of insulation and manufacturing of the transformers. To
enable operation under DC pole imbalance,proposed a
method of controlling the current injected into the star-point
reactor of the interface transformer though this method
interferes the third harmonic voltage injection of HB MMC
leading to reduced MMC voltage margins.

Compared with the HB MMC, hybrid MMC has more
control freedoms and can have better performance under
asymmetrical conditions. Referencestudied the operation
of MMC with asymmetrical arm configurations. Double-loop
controllers are re-designed for the upper and lower arms
separately to decouple the AC/DC voltage offset. However,
the DC faults handing ability of the proposed controller was
not validated. An enhanced fault ride through control for
hybrid MMC was presented in[[17]]where an additional phase
angle was introduced to balance the power between the upper
and lower arms during a pole-to-ground (PTG) DC fault.

The main contribution of this paper is to presents a novel
independent pole control scheme for hybrid MMC-HVDC
system to enable continuous operation under asymmetrical DC
pole voltages and DC faults. With the independent control
scheme, the hybrid MMC is able to continuously operate under
asymmetrical DC pole voltages and ride through PTG DC
fault without bringing DC bias at the neutral point of the
interface transformer. Thus, a symmetrical monopole
MMC-HVDC system can be operated as a bi-pole HVDC
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system.

This paper is organised as follows. Sectiondepicts the
operating principle of hybrid MMC under asymmetrical DC
pole voltages. Based on the analysis, sectionproposes an
independent pole control scheme to independently control the
upper and lower arms. To ride through the PTG DC fault, a
fault ride through strategy is proposed in section The
effectiveness of the proposed control is verified by simulations
in section| V] and finally, conclusions are drawn in section

II. ANALYSIS OF HYBRID MMC UNDER ASYMMETRICAL DC
POLE VOLTAGES

The circuit configuration of a three-phase hybrid MMC is
depicted in[Fig. 1] Each converter arm has N sub-modules that
are consisted of N FBSM and N, HBSM. Topologies of the
FBSM and HBSM are shown in

I V.. and V. are the respective potentials of positive
and negative DC poles. 1. and I, are the DC pole currents. v,
and iz are the respective output AC phase voltage and current;
Vepi and Veni are the arm voltages generated by the N SMs; ip;
and i, are the upper and lower arm currents, where the
subscript i refers to phase a, b, c. C is the SM capacitance. L
and R are the arm inductance and resistance. Si, Vien, Iden, Ven
are the rated transmitting power, rated DC pole to pole voltage,
rated DC pole current and rated SM capacitor voltage,
respectively.

r ip‘dl ipbl ipe l I+ b
I [FBSM| ‘[ [FBsM| PFBSM‘
~ Vepa T Vop T Vepe i
[HBsM| [HBsM| [HBsm] ve L
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x I [FBsm] VFBSM\ P FBSM] Vi T
i Vena T Venb T Vene T
- | [HBsM] [HBsMm| [HBsMm|
,,,,,,, HBSM | ina i i ] T+

Fig. 1. Topology of hybrid MMC based on FBSM and HBSM.

Taking phase a as an example, the phase voltage and current
can be expressed as:

{Vga =V, cos ot
i, =1, cos(at+g,)

ey

where Vi, and I, are the amplitude of the phase voltage and
current. ¢, is the angle difference between the phase voltage
and current. According to each arm current mainly
contains a DC component, a fundamental frequency
component and a second order harmonic component. Thus, the
arm currents can be denoted as

ipa = Ipao — Ipalm cos(at+ ¢, )+ Ipa2m cos(Cat + @, )
+ 1, cos(ot+¢,)+1 cosRat +@,,)

2
L =T+ am na2m @
where Lz, Liaim, Ljaam (j=p, n) are the amplitudes of the DC
component, the fundamental frequency component and the
second order harmonic component in arm currents,

respectively. @2, is the phase angle of the second order

harmonic component in the arm current. Neglecting the high
order components and the resistive voltage drops on arm
inductors, the instantaneous power absorbed by the SM
capacitors on the upper arm can be obtained

ppa = cha .ipa = (Vdg - Vga) .ipa

V.I . .cosg,

=V 0+ u p““; =V, I ocosmt =Vl cos(at+@,)
3
_\/mI pa2m cos(a)t + ¢2a) + \/mI palm COS(zwt + §03) ( )
2 2
+VdEIpa2m cosQat +¢,,)

Similarly, the instantaneous power absorbed by the SM
capacitors on the lower arm is

_ . N =
Pra = Vena "ha = (Vga _Vdc ) L

V.I . cose

=-V,I , +—maim +V I ,coswt—ViI | cos(at+@,)
“)
+\/mIna2m COS(C!)t + (0221) 4 VmInalm COS(za)t + (Da)
2 2
_VdrcllnaZm COS(Z(Ut + ¢Za)

To balance the transferred power between the AC and DC
systems, the integral of (3) and (4) in one fundamental cycle
should be zero. Therefore, there are

V.I . ..cose,

p m~ palm _
Vil + =20

VI cose ®)
_Vd‘:IIﬂdO + i . :0
2

Since the sum of three-phase arm currents is equal to the DC
pole current, I.0 and Inao can be calculated as

S ®)
pa0 3 > “na0 3

Substituting (6) into (5) and considering that I equals I,
during steady state, there is

I

Vp I alm
-t = Zpalm )
Vdc Inalm
Considering  ina-ipa=iga, the fundamental frequency

components in the upper and lower arm currents can be
calculated as

P
1pal = \IPV%C\/“ ga
de dc
n
inal = Vp \_/d;n'iga
dc dc
The circulating current iga on phase a can be therefore
calculated as

®)

Ly = e = _Id& - L\]dcniga +iggs 9
2 320V -Vy)
where igt> denotes the second order frequency component.
Comparing with operation under symmetrical condition, it

can be concluded from the above analysis that: 1) the peak
value of the fundamental frequency components in the upper
and lower arm currents are proportional to the potential of the
DC pole voltages as shown in (7); 2) there is a fundamental
frequency component existing in the circulating current as
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shown in (9); 3) the positive and negative poles can be
separately controlled if the AC and DC components in the
upper and lower arm currents are independently controlled.

III. INDEPENDENT POLE CONTROL OF HYBRID MMC

A.DC Pole Voltage/Power Control

As reported in{[11]jand|[19]] the AC output voltage of phase
a can be controlled by

vV, =M, V’—“‘;‘dc“ cos wt (10)
where m, is the AC modulation index of phase a (O<m,<1).
Varmden 1S the DC component in arm voltage which is the same
as nominal DC voltage under steady state conditions
(Varmdcnzvdcn)~

To regulate the DC pole voltages independently, two DC
modulation indices M;, and My, are introduced

V.

cp_dc cn_dec T

V. V,
— Mdpg ar;dcn \A M(l;(, an;dcn (1 1)

where Vep_de, Ven_ae are the DC components in arm voltages.
The arm voltages can be re-written as

\]armdcn
cpa = T (M - m Cos a)t) Vum

<

V""'—;‘d‘:“(ma cosat—M}) (12)

depu
Average capacitor °
voltage control

Bl Vi
! P / Vg %
DC power/ i
DC pole voltage Pl IV},
control i %z‘
R AN
|
i
i
|
|

o VPCC

The dynamic of the upper arm current of phase a is obtained
dl a .
L—=+Ri,,
dt
Adding up the three upper arms of the three-phase and
considering ipa+ipp+ipe=-I4 result
dI P
—L 4+ RIQ = Smpv -3V (14)

dc "armden
dt 2

Let V5,=3M.. Varmdaen/2-3 Vi, then it can be obtained from the
PI controller as

\,cgm Kp (Icﬁzref dcpu ) + I(r _[ (Idcret dcpu )dt (15)

Based on (15), an inner DC current control can be designed
for the positive pole as shown in Taking into account
the active power transmitted to the DC positive pole, it
satisfies:

1
= VdE - E Mdpc\]armdcn ( 1 3)

Pg =Vg 14 (16)
Combining (16) with (15), the DC power/ pole voltage
control can be implemented as an outer DC control loop,
shown in[Fig. 2] Similarly, the DC power/ voltage control and
inner DC current control can be designed for the negative pole.
It can be concluded that, by controlling My and M, , the
independent DC pole power/ voltage control can be achieved.

CCSC based on current injection

Fig. 2. Control diagram of independent pole control.

B. Capacitor Energy Control

For the upper arms, the active power injected into the hybrid
MMC from the AC system can be expressed as:

- .
P. = Evgdrpd (17)
where ipq is the d-axis component of ipa1, ipp1 and ipc1 in dq
rotating frame. The instantaneous power transmitted to the DC

system satisfies:

o VPCC

V ‘mdc
2 (Mg, -y -y, )
V 1 N\I;];:C& ——p Firing pulses
Varmden ( M nbc _InZabc)
3 . b
Evgdrpd P, +Pg, (18)

where P, is the power absorbed by the SMs on the upper arms
and can be expressed as:

PP _3Nd( Loy )/ dt =

cavg

3NCVP. dVP /dt  (19)

cavg - Ycavg

where V., is the average capacitor voltage of the 3N SMs on
the upper arms.
To balance the instantaneous power between the DC and
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AC systems at any instant, the power absorbed by the SMs
should be controlled to zero. By combining (18) and (19), an
average capacitor voltage control can be designed as the outer
AC control loop which controls the average capacitor voltage
to be the set value and generates the d-axis current order|[11]]

Similarly, an average capacitor voltage control can be
designed for the lower arms.

In Vedpu and Vgqpu are the dq components of the phase
voltage in per unit form. vpcc is the AC voltage at the PCC
(Point of common coupling). (M,", M/, M;", M,") are the
modulation indices in the dq rotating frame generated by the
inner AC current control loop.

C.Circulating Current Suppression Control Based on Current
Injection

To suppress the second order fundamental frequency
component in the circulating currents, the circulating current
suppression control (CCSC) proposed incan be used.
However, referring to (9), there is also an AC fundamental
frequency components in the circulating current igif: (i=a, b, ¢)
under asymmetrical DC pole voltages. As a result, high order
harmonics will be deduced using dq transformation in the
double fundamental frequency, negative sequence rotational
reference frame.

To extract the second order frequency component, as seen in
(9), the fundamental frequency component should be
compensated. Therefore, the current injection method is
re-designed for the CCSC as:

e = 0)

As shown in[Fig. 2] the compensated current is injected as
the input of CCSC.

Since the detailed design of nearest level control (NLC) and
capacitor voltage balancing control (VBC) has been reported

in[[1]]and[[T1]] they will not be described further in this paper.
D.Operating Region of DC Pole Voltage

According to (5), (10) and (11), for the upper arm of phase a,
there is
Ipalm = 2M£:Idpc /(31114 €os (pa) (21)
To ensure successful voltage balancing of the HBSMs, (22)
should be satisfied.

Lt = [Tpao] =[12 73 (22)
Therefore, M;. should satisfy:
M} >m, cosg, /2 (23)

It can be seen from (23) that the minimum DC pole voltage
is 0.5 (in pu term relative to Vgen/2) under unit power factor. To
enable operation under lower DC pole voltage, a feasible
approach is to insert all N, FBSMs on each arm. Referring to
(12), the output voltage of the upper arm meets

NV, <V,

cn — Yepi
Since Ven= Vien/N, there is
—2N, /N+m, coswt <MJ, <2N /N+m, cosat  (25)
To always meet(25), M. should satisfy

V. ..
= %“““(MdpC —m, cosmt) <NV, (24)

m, —2N, /N<M} <2N, /N-m, (26)

Equation (26) shows that the minimum value of M;. can be
equal to (m,-2Np/N). Similar relationship can be derived for
the lower arms as

m, —2N, /N<Mj <2N, /N-m, 27

Equation (27) shows that the maximum value of M, can be
equal to (2Np/N-m,). Taking Np=Npnp=N/2 and m=0.9 as an
example, (26) and (27) become

-0.1<M}, My <0.1 (28)

It shows that the minimum and maximum values of M, are
-0.1 and 0.1 (in pu term relative to Vg/2) respectively.
Therefore, with all the FBSMs inserted, the hybrid MMC is
able to operate under the DC pole to pole voltage in the range
of -0.1~0.1Vcn.

As for My, within the range of (0.1~0.5), HBSMs should be
inserted to provide sufficient positive voltage, contributing to
the total arm voltage in (12). However, to avoid HBSM
voltage balancing problem and meet(23), the power factor
cospa shown in (23) should be decreased.

Using the dynamic phasor model proposed in[[21]][Fig. 3]
depicts the PQ operating zone of the upper arms versus several
constraints under V;=0.2pu. The DC base voltage, current, and
apparent power are defined respectively as Vpase=Vien/2,
Tvase=ldcn, Shase=Sn/2. It can be seen from[Fig. 3]that at 0.2 pu
DC voltage, the upper arms of hybrid MMC is able to operate
under 1pu DC pole current (namely, 0.2pu active power)
unless 0.5~1pu capacitive or 0.4~1pu inductive reactive power
is provided.

1
0.5
=
2 0
o
-0.5
1k
-1 -0.5 0 02 05 1
P/pu

Fig. 3. PQ operating zone of positive pole when V;=0.2pu.

Con.1, voltage balancing constraint. Con.2, converter capacity constraint.
Con.3, maximum arm current constraint (2pu). Con.4, maximum DC current
constraint (2pu). Con.5, capacitor voltage fluctuation constraint (+10%).

In conclusion, for hybrid MMC with half FBSM and half
HBSM, the operating region of DC pole voltage can be
extended to -0.1~1pu.

IV. FAULT RIDE THROUGH OF PTG DC FAULT

As for the most severe asymmetrical condition, the
dynamics of the hybrid MMC during PTG DC fault is analysed.
shows the circuit diagram of a two-terminal HVDC
system based on the hybrid MMC. The grounding
configuration of the interface transformer adopts the high
resistance grounding method implemented in the Yunnan Luxi
MMC-HVDC asynchronous interconnection project[[22]]

Assuming the positive pole is subjected to a PTG DC fault,
by using Kirchhoff’s Voltage Law (KVL) and Kirchhoff’s
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Current Law (KCL), the following equations can be derived
for the upper arms of the three-phase of MMCI1.

Bipe R, I? +R,i
gl 1= Rllpal L1 dt Vol + Ry Lgor T Relg
= B 1P +R,i, (29
gl 1= Rllpbl L at ~ Vbt + Ry, I +Relp (29)
di .
Rgl 1= Rllpcl L— dt Vo T Ry 1o + R,

where Ryc1, Ricz and Ry are the resistances of the overhead
lines. R, and Ry, are the respective grounding resistances at
MMCI1 and MMC?2 sides. Ry is the fault resistance. ir is the
fault current at the fault point. iy and ip are the currents
flowing into the neutral point of the interface transformers at
MMC1 and MMC?2 sides, respectively. The subscript “1”
refers to the variables at MMCI1 side and the subscript “2”
refers to the variables at MMC?2 side. Adding up the three
equations in (29) results:

z V _(3Rdcl+R1)Idcl ]-1

i=a,b,c

For the lower arms of MMC1 and MMCZ, the following
equations can be derived:

=Ry + L —

iy +3R i

gl f1

+3R,i, (30)

nal +V

RdCI;C

gl fl

5
Vepi _Rglifl Rllnbl +I1 nbl Vibi _Rch;c
(32)
. diy, .
~ Vi Ryl — L, * Vapo _Rg21f2
gl f1 Rllncl +L1 ﬂbl +V Rdclgc
: (33)
. dlnc2 :
c2 R21n02 - I‘Z dt + Vch - Rg21f2
Adding up (31)-(33) results,
Z Vil — Z Vhiz
i=a,b,c i=a,b,c
(34)
=(L +LZ) L +(3Kj +R +R)I; +3R 21f2 3Rg11“

Recalling (12) and neglecting the line resistance, (30) and
(34) can be re-written as

3V dI?
armden MpP, —-RI}, —L, —%L —del 3R011“ +3R;i; (35)
3\/a\rm cn n <
—d(Mmz dcl) L+ ]"2) L +(R+ R, (36)
+3R,,i¢, — 3Rg11f1

Combining (35)-(36) and (14), it can be seen that the
grounding resistance provides the path for fault current and
affects the dynamic response of the DC current control loop.

AC grid 1

Ly Ry

Ruc (=Ryc1+Ruc2)

Rch
PTG
Fault
AC grid 2
L, Rp Lo

c

n
I
=

Fig. 4. Circuit diagram of a two-terminal VSC-HVDC based on hybrid MMC.

If the fault currents i and ip are not controlled, there will be
DC current flowing through the grounding devices of the
interface transformers, which could bring magnetic saturation
at the transformer windings and continuous heat of the
grounding resistance. Thus, such current path needs to be
avoided. To eliminate the fault current path for the fault
currents, according to KCL, the DC current of the faulted pole
(11, I,) needs to be controlled to be the same as the current I,
at the un-faulted pole. For the un-faulted pole, since it is
desirable to transmit half of the rated power, I should be
controlled at the pre-fault value.

Referring to[Fig. 2] the flags Fp (Fy) are used to configure

the outer of the DC control loops. Fp=I corresponds to DC
power control or DC voltage control whereas Fp=II
corresponds to PTG DC fault ride through control. During a
pole-to-ground DC fault, the DC current order of the faulted
pole is set to be the same as the measured current of the
un-faulted pole so that no steady-state fault current will flow
through the fault point and the grounding resistance at the
interface transformer.

V.SIMULATION VALIDATIONS

A.The Test System

In order to verify the efficacy of the proposed controller, a
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201-level two-terminal hybrid MMC-HVDC system shown in

[Fig. 4lis simulated in PSCAD/EMTDC. The number of FBSM
per arm is 100 while the number of HBSM per arm is also 100.
The simulation parameters are listed in[Table 1]

The 120km overhead line is modelled using the frequency
dependent model provided by PSCAD. MMCI1 controls the
DC pole voltages and MMC2 controls the transferred active
power. To test the performance of the proposed controller, a
relatively small DC limiting inductance of S0mH is used[[23]]
This independent pole control method is also applicable to
HVDC using star reactor with resistance grounding
configuration.

Table 1 Parameters of the simulated system

Parameters Nominal value
MMC nominal power S, 1000MW
Rated DC pole voltage +320kV
Rated DC arm voltage Virmaen (Vaen) 640kV

AC system nominal voltage 400 kV

Short circuit ratio (SCR) 4.0

X/R ratio 10.0

Interface Transformer 400kV/352kV
Grounding Resistance R, 50009[22]]
Capacitance of each SM 10mF

Arm inductance L 0.07H

Arm resistance R 3Q

Rated capacitor voltage of each SM 3.2kV

B. Verification of Monopole Reduced DC Voltage Operation

To verify the independent pole control, the DC voltage
order of the positive pole is set to be 0.5pu (160kV) during
1.3-2.4s and 0.8pu (256kV) during 2.5-3.2s (the pu unit is
relative to Vge/2 of 320kV). The simulation results are shown
in|Fig. 5
Fig. 5{a) shows the DC pole voltages of MMCI1. As can be
seen, the DC voltage of positive pole is well controlled at 160
kV during 1.3-2.4s and 256 kV during 2.5-3.2s. Whereas the
negative pole voltage is controlled at the rated -320 kV during
the entire process.

b) shows the DC modulation indices generated by the
upper and lower DC current control loops. M;. is controlled at
0.5 under steady state during 1.3-2.4s and at 0.8 during
2.5-3.2s, whereas M, is controlled at -1 under steady state.
Figs. 5(a)-(b) validates the effectiveness of the two DC control
loops.

[Fig. 5](c) shows the average capacitor voltages. At 1.2s and
2.4s, the active power is not equally split among the upper and
lower arms due to the sudden change of DC pole voltages. As a
result, there is divergence between the average capacitor
voltages in the upper and lower arms. However, they are well
controlled at 1 pu under steady state.

[Fig. 5{d) shows the AC modulation indices generated by the
upper and lower AC current control loops. Despite some
transients at 1.2s, they are well controlled by the two AC
control loops.e)-(f) shows the output AC current and
current flowing through R,; at MMCI1 side. Although the DC
voltages of the positive and negative pole are asymmetrical, no
DC bias current is observed.

400 ]
200 Mm
(a) g_, [0} Vi
= 200 —Va
400 )
08 12 1.6 2 24 28 32
! w
4 0 — Md‘::
(b) = M
-1
08 12 16 2 24 28 32
102 ' l —Veavgrer _Vc:wgpu Veavep
= 101
=
£ INIAY
(© g 1
= 0.99 u
0.98 +
0.8 1.2 1.6 2 2.4 2.8 3.2
2 My —m
— P 7Mn
g1 )k - -
@ =
0 m
(©)
0.2 F 4
=
< o0 —
® =
-0.2 . . . . .
0.8 1.2 1.6 2 2.4 2.8 3.2

Time(s)
Fig. 5. Test of reduced DC voltage operation at the positive pole. (a) DC pole
voltages. (b) DC modulation indices. (c) Average capacitor voltages of upper
and lower arms. (d) AC modulation indices. (e) Output AC current. (f) Current
flowing through R,;.

To verify the efficacy of the proposed CCSC, the zoomed
waveforms of the arm and circulating currents during 2.3-2.4s
(V2=160KkV, Vi:=-320kV) are shown in[Fig. 6]

[Fig. 6la) shows that the peak-to-peak value of the
fundamental frequency component in the lower arm current
(2.35KkA) is almost 2 times larger than the one in the upper arm
current (1.16kA), which verifies the analysis in (7). The
circulating current Igr shown in[Fig. 6]b) is calculated as the
common mode current of the upper and lower arm currents. It
can be seen that there are a DC component and a fundamental
frequency component existing in las. After adopting the
current injection method as outlined in (23), the circulating

current (Laifr inject) has a pure DC component.
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Fig. 6. Verification of CCSC based on current injection method. (a) Upper and
lower arm currents of phase a. (b) Circulating currents.

C. Verification of Operating Region of DC Voltage

To verify the operating region of the DC pole voltage, the
DC voltage order of the positive pole is ramped down from
Ipu to 0.2pu during 1.2-1.5s. At the same time, the reactive
power order of the positive pole is gradually decreased from 0
to -0.25 pu (relative to S,). The simulations results are shown
in|Fig. 7
Fig. 7{a) shows that the DC positive and negative pole
voltages can be operated stably at 64 kV and -320 kV
respectively, while providing reactive power as shown in Fig.
7(b). The upper and lower arm currents shown in [Fig. 7{c)
have both positive and negative values to ensure successful
SM capacitor voltage balancing. This can be further noticed in
d) where the average capacitor voltages of the upper and
lower arms are all well controlled at 1pu, and the well balanced
average capacitor voltages of the FBSMs and HBSMs on the
upper arm of phase a are shown ine). Vers and Veup are
the average capacitor voltages of the N/2 FBSMs and the N/2
HBSMs on the upper arm of phase a, respectively.

[Fig. 7] validates the analysis in section [IILD] and [Fig. 3]
where 0.5 (in pu relative to 0.5S,) reactive power should be
provided to enable operation under 0.2pu DC positive pole
voltage.
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Fig. 7. Verification of operating region of DC pole voltages. (a) DC pole
voltages. (b) Order and measured value of reactive power. (c) Upper and lower
arm currents of phase a. (d) Average capacitor voltages of upper and lower
arms. (e) Average capacitor voltages of FBSMs and HBSMs on the upper arm
of phase a.

To verify the performance under minimum DC pole voltage,
the DC voltage is ramped down from 640kV to -64kV (-0.1Vicn)

during 1.5-1.7s, and the simulations results are shown in[Fig. |

[Fig. 8{a) shows that the DC positive and negative pole
voltages can remain stable at -32kV and 32kV respectively.
Figs. 8(b)-(c) show the DC and AC modulation indices
respectively, and they are well controlled by the DC and AC
control loops. Both the upper and lower arm currents have
negative value only as shown in[Fig. 8{d). Since the HBSMs
cannot be balanced with unipolar arm current, all HBSMs
should be bypassed.

[Fig. 8]e) shows the inserted SM number calculated by NLM
(nearest level modulation). It can be seen that the minimum
number is -100, i.e. all the FBSMs on each arm are negatively
inserted.f) shows the average capacitor voltages of the
HBSMs and FBSMs on the upper arm of phase a. Since the
HBSMs are bypassed, their average capacitor voltage on the
upper arm of phase a (Vcug) stays unchanged.

(a)

(b)
(©)
()
(e)
-100 . . . . "
2.3 2.32 2.34 2.36 2.38 2.4
Time(s)
3.6
34
§ 32

_VCFB
N N N — Vs
0.8 1.2 1.6 2 2.4

Time(s)
Fig. 8. Test of the hybrid MMC under DC voltage of -0.1Vy,. (a) DC pole
voltages. (b) DC modulation indices. (¢) AC modulation indices. (d) Upper
and lower arm currents of phase a. (¢) Number of inserted SM on upper arm of
phase a. (f) Average capacitor voltages of FBSMs and HBSMs on the upper
arm of phase a.

To further verify the performance, the DC voltage is
reduced from 640kV to -128kV (-0.2Vym) at 1.5s. The
simulations results are shown in[Fig. 9] From Figs. 9(a) and (b),
it can be seen that the DC voltage and AC current controllers



This paper is a post-print of a paper submitted to and accepted for publication in IEEE Transaction on Power Delivery and is subject to Institution of Electrical ~ §
and Electronic Engineering Copyright. The copy of record is available at IEEE Xplore Digital Library.

become saturated. This is further evidenced from the inserted
SM number shown in c), as the output of NLM is
saturated at -100.
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Fig. 9. Test of the hybrid MMC under DC voltage of -0.2Vy.. (a) DC pole
voltages. (b) AC modulation indices. (c) Number of inserted SM on upper arm

of phase a.

D.Response to Pole to Pole DC Fault

To test the natural response of the proposed controller
during pole to pole DC faults, a permanent pole to pole fault is
applied at 1.5s. The fault point is 20km away from the DC
terminal of MMCI1.

Figs. 10(a) and (b) show the DC voltages and currents of
both poles. Since the inner DC current reference is saturated at
the upper limit Iyciim (1.3pu in this paper), the DC pole currents
are controlled at 2.02kA. Figs. 10(c) and (d) show the arm
currents and the fault current, and it can be seen that the arm
currents are well limited with no over-current during the fault.

e) shows the average capacitor voltages of the
HBSMs and FBSMs on the upper arm of phase a. They largely
remain balanced around the rated value except the initial
over-voltage for the FBSMs during the fault due to the sudden

loss of transmission power.[Fig. 10{f) shows that the output
AC voltage at MMCI1 side has no DC bias.
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Fig. 10. Test of the hybrid MMC under pole to pole DC fault. (a) DC pole
voltages. (b) DC pole currents. (c) Arm currents. (d) Fault current. (e) Average
capacitor voltages of FBSMs and HBSMs. (f) Output AC voltage.

E.Response to Pole to Ground DC Fault without Fault Ride
Through Control

Figs. 11(a)-(f) show the natural response to pole to ground
DC fault where a permanent PTG DC fault is applied at the
positive pole at 1.5s. Figs. 11(a) and (b) show the DC voltages
and currents of both poles. As can be seen, at the instant of DC
fault, the DC voltage of negative pole is decreased to be nearly
-620kV due to the discharge of transmission line capacitors.

The arm currents and fault current shown in Figs. 11(c) and
(d) indicate that they are still within the safe range during
transients. e) shows the average capacitor voltages of
the HBSMs and FBSMs on the upper arm of phase a, and they
are well balanced.[Fig. 11{f) shows the output AC voltage at
MMCI1 side. Since the fault current flows through the
grounding resistance of the interface transformer, a DC bias of
-380kV is observed which increases the cost of insulation of
the interface transformers.
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Fig. 11. Test of the hybrid MMC under pole to ground DC fault without fault

ride through control. (a) DC pole voltages. (b) DC pole currents. (c) Arm

currents. (d) Fault current. (e) Average capacitor voltages of FBSMs and

HBSMs. (f) Output AC voltage.

F.Response to Pole to Ground DC Fault with Fault Ride
Through Control

Figs. 12s (a)-(f) show the response to a permanent PTG DC
fault applied at 1.5s using the proposed fault ride through
control.

Figs. 12(a) and (b) show the DC voltages and currents of
both poles. As can be seen, the DC current of the positive pole
is controlled to be the same as the un-faulted pole. Therefore,
the fault currents ir and ir; can be effectively eliminated, as
shown in Figs. 12(c) and (d).e) shows that the arm
currents are still within the safe range during transients.
f) shows the average capacitor voltages of the HBSMs and
FBSMs on the upper arm of phase a, and they are well
balanced.[Fig. 12](g) shows the output AC voltage at MMC1
side. Since the fault current flowing through the grounding
resistance of the interface transformer is eliminated, the DC
bias voltage decreases to zero quickly.
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Fig. 12. Test of the hybrid MMC under pole to ground DC fault with fault ride
through control. (a) DC pole voltages. (b) DC pole currents. (c) Fault current.
(d) Current flowing through R,;. (¢) Arm currents. (f) Average capacitor
voltages of FBSMs and HBSMs. (g) Output AC voltage.

G.Response to Three-phase AC Fault

Figs. 13(a)-(f) show the response to a three-phase AC short
circuit fault. The temporary AC fault is applied at 1.5s at
MMC?2 side and lasts for 0.1s. On detecting the AC fault, the
order of the active power reference is decreased to zero.

[Fig. 13](a) shows the AC voltage of AC grid 2, and[Fig. 13]
(b) shows the DC voltages of both poles. Because of the AC
fault, the surplus power temporarily increases the DC pole
voltages. The DC pole currents and arm currents shown in Figs.
13 (c)-(d) indicate that there is no over-current during the AC
fault. The average capacitor voltages of the upper and lower
arms as shown in[Fig. 13](e), are all well controlled at 1pu, and
the well balanced average capacitor voltages of the FBSMs
and HBSMs on the upper arm of phase a are shown in
(.
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Fig. 13. Test of the hybrid MMC under AC fault. (a) AC voltage of AC grid 2.
(b) DC pole voltages. (c) DC pole currents. (d) Arm currents. (e) Average
capacitor voltages of upper and lower arms. (f) Average capacitor voltages of
FBSMs and HBSMs on the upper arm of phase a.

VI. CONCLUSION

In this paper, an enhanced independent pole control is
proposed for hybrid MMC operating under asymmetric DC
pole voltages. Six modulation indices including DC
modulation indices (M., M) and AC modulation indices (M,
M;, M{, M) are generated to separately control the upper and
lower arms.

With this enhanced independent pole control, the following
attributes can be achieved. 1) The hybrid MMC is able to
continuously operate under asymmetrical DC pole voltages
without bringing DC bias at the neutral point of the interface
transformer. 2) the DC voltage region of the hybrid MMC can
be significantly extended, where a hybrid MMC based on half
FBSM and half HBSM is able to operate within -0.1~1pu DC
voltage range. Thus, the hybrid MMC has the ability to
actively extinguish the fault arc like the LCC-HVDC system. 3)
In case of PTG DC faults, the fault ride through control can
effectively eliminate the fault current and the hybrid MMC is
able to continuously operate at half of the rated power capacity.
No DC bias voltage or current is present at the neutral point of
the interface transformers during post-fault steady state.

The proposed control scheme enables a monopole
symmetrical hybrid MMC-HVDC system to behave like a
bi-pole system, thus provides an attractive approach with high
robustness and system availability for applications in future
HVDC systems.
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