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Abstract—Due to dynamic interaction between converters,
design of control parameters of multi-converters medium-voltage
DC (MVDC) power system is much more complicated than of
a single-converter situation. Open-loop and closed-loop transfer
functions considering control-loops dynamic interaction between
converters are developed, which are suitable for studying influ-
ence of control parameters on system stability. With the above
transfer functions, a system-level control parameter design proce-
dure for dynamic stability (e.g., oscillation frequency and damp-
ing factor) of system is proposed. If there are many converters,
computational burden of system-level control parameters design
procedure will be huge. For this reason, a control parameter
sharing method is further proposed in this paper, which is based
on dynamic interaction mechanism between converters. In this
sharing method, control parameters of equivalent reduced-order
model of the system are shared with each converter, so calculation
burden of control parameters of system is reduced significantly.
Consequently, dynamic stability of the system can be designed
by equivalent reduced-order model. Experiments are conduced
to validate the system-level control parameter design procedure.

Index Terms—Control parameters design procedure, dynamic
interaction, medium-voltage DC (MVDC) power system, sharing
principle.

I. INTRODUCTION

HE zero carbon transformation of energy system requires

development of renewable energy, such as photovoltaic,
wind turbine, fuel cell, and so on [1], [2]. Medium-voltage DC
(MVDC) power system has become an effective solution with
high penetration of renewable energy [3]. In multi-converters
MVDC power system, stability is the most significant research
due to negative incremental resistance of constant power load
(CPL) and unexpected dynamic interaction between convert-
ers. Dynamic stability of system can be guaranteed based on
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appropriate control parameters [4]. But design complexity of
control parameters of the system is huge. This is because
change of control parameters of one converter can also greatly
affect other converters’ behavior due to existing dynamic
interactions between converters [5]. Therefore, how to design
controller parameters of the system exactly needs to be further
investigated.

With open-loop and closed-loop transfer functions, con-
trol parameters of a single-converter are usually designed in
frequency domain. Control parameters of each converter in
a DC system are individually designed with an acceptable
stability margin in [6] and [7]. However, transfer functions
in [6] and [7] are developed based on converters controlled
by voltage single-loop control. In [8], a detailed controller
parameter design procedure is proposed, which is suitable
for converters with conventional voltage and current double-
loop control. However, design procedures in [8] and [9]
do not consider type of load. In [10], a detailed controller
parameter design procedure, how to achieve expected dynamic
performance of converter with resistive load, is introduced
in detail. But negative resistance characteristics of CPLs are
not considered. Literature [11] investigates effect of control-
loops interactions on power stability limits of a voltage-
source converter (VSC). In addition, above transfer functions
are all established based on single-converter situation, which
cannot reflect dynamic interaction between converters in multi-
converters DC system [12]. In literature [13], a second-order
generalized model is proposed to simplify design of control pa-
rameters and stability analysis of an N-phase interleaves boost
converter system. However, this system in [13] is controlled
by the proposed sliding-mode control rather than widely
used voltage-current double-loop control. With the proposed
self-impact components and interaction-impact components,
influence of interactions of VSCs on DC voltage stability can
be effectively studied by [14]. However, control parameters are
difficult to be designed quantitatively by closed-loop Multi-
VSCs model in [14]. So, how to establish the open-loop and
closed-loop transfer functions of each control loop, which are
suitable for design of control parameters from the perspective
of system-level stability, is still an unsolved problem?

In numerous research results, stability dynamics of DC
systems may be in a wide range of oscillation frequencies (e.g.,
1040 Hz) [15]-[17]. A generic small signal mathematical
model of DC system was developed by [18], which can
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facilitate quantitative calculation of voltage control parame-
ters of multiple converters. For a single-bus DC system, its
equivalent RLC circuit model can be constructed by [19]
neglecting current control parameters. In addition, a generic
reduced-order modeling method suitable for two different
droop control modes was proposed by [20], which can be
used to explore dynamic stability of DC voltage around
5 Hz. Thus, models of [18]-[20] can provide theoretical basis
for optimization of voltage control parameters, but not for
current control parameters. As found in [21], dominant low-
frequency (LF) response of a typical single-bus DC microgrids
is mainly determined by droop controller of voltage-controlled
(VC) distributed generations(DGs). Based on this finding,
a simplified equivalent model is proposed for LF stability
analysis of each single-bus DC microgrid. Considering the
impedance model of interconnected lines, effect of droop
control parameters on LF stability (around 33 Hz) of multi-
bus DC microgrids can also be investigated. However, VC-
DG in [21] is controlled by droop-based voltage single-loop
instead of most commonly used droop-based voltage-current
double-loop. Based on design procedure proposed in [22],
control parameters of single-bus multi-converters DC system
can be quantitatively calculated. For those nonlinear control
methods in [23], [24], control parameters usually need to
be tuned based on many simulation results. Then, for two
DC systems aggregated by different circuit parameters, it is
not easy to achieve desired dynamic performance (e.g., small
overshoot, less oscillations, and small settling time) by relying
only on control parameter tuning experience in [23], [24]. In
summary, for precise design needs of DC systems with stable
dynamics over a wide range of oscillation frequencies (e.g.,
10-40 Hz) [15]-[17], corresponding general control parameter
design methods have not been reported.

It is well known, due to dynamic interaction between
converters, expected dynamic stability of multi-converters
MVDC power system is difficult to be designed qualitatively
and quantitatively [24]. Therefore, it is urgent to establish
open-loop and closed-loop transfer functions considering dy-
namic interaction between converters. In addition, system-level
control parameters design procedure is also essential. Major
contributions of this work can be drawn as:

1) To evaluate system stability as influenced by control
parameters, open-loop and closed-loop transfer functions con-
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sidering control-loops dynamic interaction between converters
are established. In addition, number of poles (or zeros) of
transfer function considering dynamic interaction between
converters is very consistent with single-converter situation.

2) With the above transfer functions considering dynamic
interaction between converters, a system-level control param-
eter design procedure is proposed. In this design procedure,
control parameters (e.g., state feedback control, current con-
trol, voltage control, and etc.) of all converters are designed
from the perspective of system dynamic stability. Through
mutual cancellation of some zeros and poles, the system can be
designed as a second-order model. Then, analytical solutions
of dynamic stability (e.g., oscillation frequency and damping
factor) can be obtained.

3) According to dynamic interaction mechanism between
converters of each control loop in the system, a control pa-
rameter sharing method is proposed. With this sharing method,
control parameters of equivalent reduced-order model of the
system are shared with each converter.

The rest of the paper is organized as follows. In Section II,
open-loop and closed-loop transfer functions considering dy-
namic interaction between converters are established, and
system-level design procedure of the system are introduced in
detail. Control parameter sharing method is proposed in Sec-
tion III. Detailed dynamic stability analysis and experimental
verifications are provided in Section IV. Section V concludes
the paper.

II. A SYSTEM-LEVEL CONTROL PARAMETERS DESIGN
PROCEDURE CONSIDERING THE DYNAMIC INTERACTION
BETWEEN CONVERTERS

Topology of considered multi-converters medium-voltage
DC (MVDC) power system are depicted in Fig. 1(a): n line
regulating converters (LRCs) and m constant power loads
(CPLs).

In this section, open-loop and closed-loop transfer functions
of converter are established, which considers dynamic inter-
action between converters. In addition, a system-level control
parameters design procedure is proposed, which is divided into
four steps to control parameters of the system, as shown in
Fig. 2(a).

*********** ~
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Ce=Cn +Cr+ -+ Ctp
Crt = Crg1 + CLez + -+ + CLim

Fig. 1.

(1/Lgeq) = (1/Lgx) + (1/Lg2) + -+ + (1/Lgn)

Topology of the tested DC system. (a) Multi-converters MVDC power system. (b) Equivalent reduced-order model (single-converter).
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Fig. 2. Control architecture of the tested DC system. (a) Multi-converters MVDC power system. (b) Equivalent reduced-order model.

A. Design of State Feedback Control Parameters

1) Transfer Function of State Feedback Control Considering
Dynamic Interaction between Converters

When influence of cable can be ignored in Fig. 1(a), the
control-to-output transfer function Gyqx(s) of k™™ LRC can
be written as:

V. 1
Grar(s) = (Cequk) 52 )

_ 1 _ 1
BoyCoi® T Tl

where V5, and Ly are input voltage and output filter inductor
of k" LRC respectively, (k = 1,2,--- ,n), Coq and Lqq are
equivalent filter capacitor and inductor respectively, [Rcq is
equivalent resistor of all CPLs [3]. From (1), it can be con-
cluded transfer function Gyqg(s) includes filter parameters of
k*h LRC itself, as well as those of other converters. In addition,
number of poles (or zeros) of transfer function Gyqx(s) is very
consistent with single-converter situation detailed in [10], as
shown in Table I.

TABLE 1
THE NUMBER OF ZEROS AND POLES OF THE TRANSFER FUNCTIONS

Transfer The number  The number
Control loop .
function of zeros of poles
State feedback control g:’;f’z%i%) (1) g
Tiiter (s 2 3
Current control e
N Giitck (5) 2 3
Givak(s) 1 3
Voltage control Tyivick(s) 2 4
Gvivfck (5 ) 2 4
Droop control vivrfck (8 2 4

From (1), it can be concluded transfer function Gyqgg(s)
with CPL load is unstable. Then, a state feedback control
method is introduced by [3], as shown below.

fer(s) = (K1x + Kags) 2

where K7ij; and Ky are proportional and derivative feedback
control gains of state feedback control f.x(s) respectively, V'
is DC bus voltage. Considering state feedback control fex(s),

then control-to-inductor current transfer function Giqscx(s) of
k™™ LRC can be written as:

Vir Giv (s)
L¢r Coq

5% + ((Ezzl Ic(*f:gﬁf) - Reqlceq) 5
+ (ZZ:1 Iél:}jf,:) + Leqlceq
where py, is load sharing coefficient (>_ pr = 1) of k£*® LRC,

and Giy(s) is defined as (Ceqs — 1/Req).
2) Design of State Feedback Control Parameters Considering
Dynamic Interaction between Converters

Equivalent filter inductor L., is system-level result of
dynamic interaction of filter inductors between converters.
Similarly, dynamic interaction of filter capacitors between
converters also exits, which is the reason why equivalent
filter capacitor C,q can be obtained. According to dynamic
interaction of state feedback control between converters, the
characteristic equation of (3) can be established. The char-
acteristic equation of (3) can be written in the form of a
second-order model with a natural angular frequency wieq
and damping factor (gq. To have larger damping, (soq can
be selected as 0.7. While design of wseq should be smaller
than current controller bandwidth. It is assumed state feedback
control parameters are very consistent for each converter, i.e.
Kix = Ki(rt1), and Ko = Ky(g41). Then, state feedback
control parameters for each converter will be calculated by
solving the characteristic equation of (3).

Giafer (8) = 3)

B. Design of Current Control Parameters

1) Transfer Function of Current Control Considering Dy-
namic Interaction between Converters
As shown in Fig. 1(a), current controller Gic1(s) of kB
LRC can be written as:
ks _—

Gion(s) = hpie + = = kpue (14 TE2E) - 4)
where kpi, and kij, are proportional and integral gains of
current controller Gic,(s) of k'™ LRC, respectively. It is
assumed wicg is the crossover frequency of current control loop
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of k'™ LRC, and 1), is defined as ratio of kjj to (wick X kpik)-
Loop gain T (s) and closed-loop transfer function Giigcr ()
of current control of k™™ LRC can be obtained, as shown in
(5) and (6), respectively.

Tiiter () = Gidter (5)Gick () (5
Gyar(5)Gick(5)Giv(s)
{ (14 30 {(Ke 4 K25)Graz(s)}) }

Giiter(8) =

+Gar(s)Gick (5)Giv(s)
(6)

Unlike literature [10], transfer function G (s) of k™ LRC
takes into account not only its own parameters but also those
of other LRCs. Then, dynamic interaction of current control
between converters can be revealed intuitively by (6).

2) Design of Current Control Parameters Considering Dy-
namic Interaction between Converters

Taking dynamic interaction of state feedback control be-
tween converters into account, transfer function Giggx(s)
can be constructed. Further, current control parameters can
be designed with predetermined crossover frequency wjck
and 7;;. It is suggested current control parameters of each
converter in the system should be designed sequentially: first,
I*h LRC, then 2'" LRC, and finally n*® LRC. Taking k'"
LRC as an example, recommended design procedure of its
current control parameters is introduced in detail. Considering
expected dynamic performance and sufficient stability margin,
crossover frequency can be chosen as one tenth of switching
frequency fx of the k" LRC, and 7;;, can be selected as 0.1.

C. Design of Voltage Control Parameters

1) Transfer Function of Voltage Control Considering Dynamic
Interaction between Converters
Voltage open-loop transfer function Giyqx(s) of k** LRC
can be written as:
Giiter(s)
G 5) = L 7
1vdfck:( ) kGiv(S) ( )
As shown in Fig. 1(a), voltage controller Gycx(s) of Eth
LRC can be written as:
Kivi

o Mivk WyLk
Gvck(s) - kpvk + s — kpvk <]- + s ) (8)

where k1 and ki, are proportional and integral gains of volt-
age controller G (s) of k™" LRC, respectively. It is assumed
Wyer is crossover frequency of voltage control loop of k™
LRC, and 7, is defined as ratio of Kiyx t0 (Wyek X Kpyi). Loop
gain Tyivick ($) and closed-loop transfer function Gyiyeck (s) of
voltage control of k'™ LRC can be obtained, as shown in (9)
and (10), respectively.

Tyiviek (5) = Givaick (5)Gyer () ©))
Guivek(s) =
Gyar(5)Gick(5)Gyer(s)
{ Zzzl{Gxdr(S)Gicx(s)(Gvcx(s) +pGiv(s))} }
+ 50 {(Kip + K2z8)Gyaz(s)} + 1

From (10), it is clear parameters of k" LRC and other LRCs
are considered by transfer function Gyivecr(s). Different with

(10)

transfer function applied to a single-converter situation in [10],
dynamic interaction of voltage control between converters can
be directly reflected by transfer function Gyiytcx($).
2) Design of Voltage Control Parameters Considering Dy-
namic Interaction between Converters

Voltage control parameters of each converter in the system
can be designed according to procedure similar to current
control. Considering dynamic interaction of current control
between converters, transfer function Giyqx(s) can be given.
Then, based on frequency domain curves (e.g. crossover
frequency and phase margin) of transfer function Tyiyfer(S),
the voltage control parameters can be designed separately
based on preset wycr and 7yg. In order to realize mutual
cancellation of some zeros and poles, crossover frequency
wyek can be selected as 0.1 ~ 0.3 times wjck, and 7y, can
be selected as 0.1 ~ 5. With the characteristic equation of
transfer function Gyivick (), a system-level equivalent voltage
controller Gyceq(s) can be built from dynamic interaction
of voltage controllers G (s) between converters. If voltage
control parameters of all converters are tuned according to the
same design principle (e.g., wycr = 0.1 X wick, and 7y, = 0.1),
then all voltage controllers have the same zero of 0.01 X wj¢g.
Conversely, zeros will be different among voltage controllers.
In any case, all zeros of all voltage controllers Gyc(s)
in DC system can be equivalent to one zero of equivalent
voltage controller Gyceq(s). Since number of zeros and poles
of transfer function Gyiveer(s) is 2 and 4, respectively, the
design burden of suitable voltage control parameters can be
significantly reduced.

D. Design of Droop Control Parameters
1) Transfer Function of Droop Control Considering Dynamic
Interaction between Converters

As shown in Fig. 1(a), mathematical expression of V;x(s)
can be written as:

Vik(s) = Rask(Iy — Tneqpr) = 7CeqsV = kysV  (11)

where Rggq is virtual resistance of k*" LRC, which is de-
fined as r/py, r is virtual resistance. Taking droop controller
V:k(s) into account, then voltage closed-loop transfer function
Glyivrtek(s) of k™" LRC can be written as:

Gvivrfck (S) =
Gyak(5)Gick(8)Gvek (s)

{ ZZ:ﬂGvdw(S)Gicz(s)(Gvcm(s)(l +7Ceqs) }
+priV(3))} + 22:1{([(148 + KQwS)Gvdx(S)} +1

12)

Based on (12), effect of droop controller V;;(s) on k!
LRC can be analyzed. But system-level effect of multiple
droop controllers on the system can’t be analyzed based on
(12). Then, transfer function Gvivrsys(s) of the system can be
obtained by adding transfer function Giyrfer(s) to each other.
2) Design of Droop Control Parameters Considering Dynamic
Interaction between Converters

Transfer function Givrsys(s) is system-level result of dy-
namic interaction between converters, which contains all cir-
cuit parameters and control parameters of the MVDC power
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system. Except for unknown virtual resistor r, state feedback
control, current control and voltage control parameters have
been designed. For this purpose, virtual resistor r can be
determined from the expected damping factor of dominant
poles of transfer function Gvivrsys(s). Then, virtual resistor
Rysx of k' LRC will be calculated by (29). So far, all control
parameters (including state feedback, current, voltage and
droop control parameters) of the system have been designed.

III. CONTROL PARAMETER SHARING METHOD

As mentioned above, system-level control parameters design
procedure may encounter computational difficulties in an
MVDC power system with a large number of converters. Then,
a control parameter sharing method between converter and
equivalent reduced-order model for designing system dynamic
stability is proposed.

A. Sharing Principle of State Feedback Control Parameters

When influence of cable can be ignored in Fig. 1(b), control-
to-output transfer function Gyqeq($) can be written as:

V. 1
Gve - -
teals) (CeqLeq) —

2 — L —
ReqCog TeqCoeq

13)

where V; is input voltage of equivalent reduced-order model.
As mentioned above, a state feedback control method is
introduced, which can extend stability margin of equivalent
reduced-order model, as shown below.

fceq(s) = (Kleq + KQeqS)

where K¢q and Ky¢q are proportional and derivative feedback
control gains of state feedback control fe.q(s), respectively.
Taking state feedback control feeq(s) into account, control-to-
inductor current transfer function Gidseeq($) can be written as:

Gidfceq (S)

(14)

Vs .
ToqCoq Giv(s)
g2 (Ko 1 KiegVe | 1
57+ (chccq chccq) s+ (LC Cos T Toces
In order to get desired dynamic characteristics, K¢, and
Kseq can be turned according to given natural angular fre-

quency wreq and damping factor (gq, according to formulas
as follows:

15)

1
e O e
eqleq

1
KZeq = <2<.feqwfeq + Reqcveq>

In order to ensure expected dynamic stability of system,
state feedback control parameters Kicq and Kaoq designed
based on equivalent reduced-order model should be shared
with each LRC. Moreover, sharing principle of state feedback
control parameters Kioq and Kooy should be based on dy-
namic characteristics of each LRC, as shown in (17).

Klk = Kleq
Ko = Kaeq

(16)

a7

As expected, K is equal to Kiq, and Kogp is also
consistent with Ky.,. With transfer functions shown in (17),
sharing principle of state feedback control parameters between
k" LRC and equivalent reduced-order model are established.

B. Sharing Principle of Current Control Parameters

As shown in Fig. 1(b), current controller of equivalent
reduced-order model can be written as:

Eiie WiLe
Giceq(s) = kpieq + Sq = Kpieq (1 + - q)

S

(18)

where kpieq and Kjoq are proportional and integral gains of
current controller Giceq(s), respectively. As given in (19), an
inverted zero is added to current control loop of equivalent
reduced-order model, at frequency fir.cq.

Loop gain Tiifeeq(s) and closed-loop transfer function
Glifceq(8) of current control of equivalent reduced-order model
can be obtained, as shown in (19) and (20), respectively.

T‘iifceq(s) = Gidfceq(S)Giceq(S)
Ghiteoq(5) = Gvdeq(S)Giceq(S)Giv(S)
e { L+ Gydeq(s)(Kieq + Kacqs) }
+Gvdeq(5)Giceq(5)GiV(3)

It is assumed wiceq 1s crossover frequency of current control
loop of equivalent reduced-order model, and 7, is defined as
ratio of wireq t0 Wiceq-

In this paper, ratio of crossover frequency wjceq to switching
frequency of equivalent reduced-order model is chosen to be
0.1. In order to avoid changing crossover frequency wWiceqs
magnitude of loop gain Tiiceq(s) should be united at crossover
frequency wiceq. This usually requires n;.q be selected as 0.1.
In addition, other values of n;.q can be selected when a pole
needs to be cancelled by zero generated by current controller
Gliceq(s). For example, with increase of 7;eq, zero generated
by current controller Giceq(s) will move to the left in s plane.

Sharing principle of current control parameters should be
based on dynamic characteristics of each LRC, as shown in
21).

(19)

(20)

k = kpiequk
pik =
Lea @)
oo — Kiieq Ltk
iik Leq

As it was expected, kpiy is a function of kpieq, Lix and Leg,
while ki, is a function of Kijeq, Ler and Leq. With transfer
functions shown in (21), sharing principle of current control
parameters between k" LRC and equivalent reduced-order
model are established.

C. Sharing Principle of Voltage Control Parameters

As shown in Fig. 1(b), voltage controller of equivalent
reduced-order model can be written as

Gii ceq\S
Givdfccq(s) = C;FS()) (22)
kive WyLe
Gvceq(s) = kpveq + s 4 = kpveq (1 + %) (23)

where kpveq and kiveq are proportional and integral gains of
voltage controller Gceq(s). As given in (23), an inverted zero
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is added to voltage control loop of equivalent reduced-order
model, at frequency fyr,cq-

Loop gain Tyiviceq(s) and closed-loop transfer function
Gvivfceq(s) of voltage control of equivalent reduced-order
model can be obtained, as shown in (24) and (25), respectively.

Tvivfccq (3) = Givdfccq (5) Gvccq (5) (24)
Gvivfceq(s) = GVdeQ(S)GiCECl(S)GVCeq(S)

{ Glydeq(5)Giceq ($){Gveeq(s) + Giv(s)} }
+Gvdeq(8)(Kleq + ngqS) +1

(25)

It is assumed wyceq 1s crossover frequency of voltage control
loop of equivalent reduced-order model, and 7)ycq is defined
as ratio of wyreq 10 Wyceq-

In this paper, ratio of Wyceq 10 Wiceq 15 chosen to be between
0.1 and 0.5. In order to avoid changing crossover frequency
Wyceq, Magnitude of loop gain Tyiviceq(s) should be united at
crossover frequency wyceq. This usually requires 7yeq should
be selected as 0.1. In addition, other values of 7,.q can be
selected when a pole needs to be cancelled by zero generated
by voltage controller Gyceq(s). For example, with increase of
Thveq» Z€T0 generated by voltage controller Gyceq(s) will move
to the left in s plane.

Sharing principle of voltage control parameters should be
based on dynamic characteristics of each LRC, as shown in

(26).
kp = <kpicq> (kpchLfkpk )
Leq kpik

k o ( kiieq ) ( kivequkpk )
ivk — I ks
eq iik

As it was expected, kpyy is a function of kpicqs Leqs Fpveqs
Ley, kpir, and py, while ki, is a function of kiieq, Leqs Kivegs
Ly, kiix, and pg.. With transfer functions shown in (26), sharing
principle of voltage control parameters between k" LRC and
equivalent reduced-order model are established.

(26)

D. Sharing Principle of Droop Control Parameters

As shown in Fig. 1(b), droop controller of equivalent
reduced-order model can be written as:

Vietd(s) = r(Ireq — I) = (rCeqV)s 27

Taking droop controller Vieq(s) into account, voltage
closed-loop transfer function Gy, ($) can be written as (28).

Gvivrfceq(s) =
Gvdeq (S) Giceq (8) Gvceq (S)

{ Gvdeq(S)Giceq(s){Gvceq(s)(1 + Tceqs) + Giv(s)}
+Gvdcq(s)(K1cq + KchS) + 1

(28)

Virtual resistance r can be determined to accomplish ex-
pected damping factor. Sharing principle of droop control
parameters between k" LRC and VESGM is (29).

r

Rasr = —
Pk

(29)

IV. THEORETICAL ANALYSIS AND EXPERIMENTAL
VERIFICATION

In order to verify validity of system-level control parameters
design procedure and control parameters sharing method,
two multi-converters MVDC power systems (system I and
system II) are implemented in a RT-BOX hardware-in-the-loop
experimental platform shown in Fig. 3. Topologies of tested
system I and system II are shown in Figs. 4 and 5, respectively.

Main circuit parameters of the system I and system II are
shown in Tables II and III, respectively.

Control parameters of system I for case 1 to case 5 are
shown in Table IV. In addition, control parameters under case

‘_ = B
- Oscilloscope |

.

TI TMS320F28379D "=
digital signal processor RT-BOX

Computer

Fig. 3. RT-BOX hardware-in-the-loop experimental platform.

TABLE 11
PARAMETERS OF SYSTEM I

Parameter Value
Rated output power Pp1 (MW) 5

[th LRC Filter inductor L¢; (mH) 26.67
Filter capacitor Cf; (mF) 0.0937
Switching frequency fs1 (kHz) 1
Rated output power Ppo (MW) 5

2th LRC Filter inductor L¢y (mH) 26.67
Filter capacitor Cty (mF) 0.0937
Switching frequency fs2 (kHz) 1
Rated output power Peq (MW) 2

CPL Input filter capacitor Cpeq (mF) 0.2
Number 5
Cable inductor (mH/km) 0.47
Cable capacitor (m€2/km) 22.1

Cable Length (km) 2
Number 5

TABLE III

PARAMETERS OF SYSTEM II
Parameter Value
Rated output power Pp1 (MW) 2

[th LRC Filter inductor L¢; (mH) 66.7
Filter capacitor Cf; (mF) 0.0375
Switching frequency fs1 (kHz) 1
Rated output power P2 (MW) 8

2th L RC Filter inductor L¢s (mH) 16.67
Filter capacitor Cty (mF) 0.15
Switching frequency fs2 (kHz) 1
Rated output power Peq (MW) 2

CPL Input filter capacitor Cpeq (mF) 0.2
Number 5
Cable inductor (mH/km) 0.47
Cable capacitor (m$2/km) 22.1

Cable Length (km) 2
Number 5
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Fig. 4. Topology of the tested system I.
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Fig. 5. Topology of the tested system II.

TABLE IV
CONTROL PARAMETERS OF SYSTEM I UNDER CASE 1 TO CASE 5

Case 1 Case2 Case3 Case 4 Case 5
Ki1 0 0 —59210 —47366 —47366
Ko 0 0 172.18 260.14 260.14
kpi1 0.0002  0.0023  0.0027 0.0027 0.0027
kii1 0.0005 0.1420 0.1670 0.1670 0.1670
kpvi 0.2783  0.0957  0.0661 0.1549 0.3196
kiv1 30.599 50.092 4.1516 29.197 120.49
Rgs1 0.1400  0.0800  0.0800 0.0800 0.0800
Ki2 0 0 —59210 —47366 —47366
Koo 0 0 172.18 260.14 260.14
kpi2 0.0002  0.0023  0.0027 0.0027 0.0027
kiio 0.0005 0.1420 0.1670 0.1670 0.1670
kpv2 0.2783  0.0957  0.0661 0.1549 0.3196
kivo 30.599  50.092 4.1516 29.197 120.49
Rgs2  0.1400  0.0800  0.0800 0.0800 0.0800

6 to case 9 are shown in Table V. Corresponding purposes
for cases 1 to 9 will be described in detail in subsequent
subsections, respectively.

A. Stable Oscillation Frequency Design

In case 1, control parameters of single-converter are de-
signed by control parameter design procedure in [10]. As
shown in Fig. 6, log-phase curves of transfer function Gy ($)
have positive phase margin, which means single-converter is
stable. Above conclusion can also be verified by zero-pole
diagram shown in Fig. 7(a): zeros and poles of single-converter

___________________________ Vet Th i
""""""""""""""""""""" Ly T
Cut O h, |

o

CoT Yhy

LcS s E

(YY" ° :

TABLE V
CONTROL PARAMETERS FROM CASE 6 TO CASE 9

System I System II

Case 6 Case 7 Case 8 Case9 Case 6 Case 7
K1 —47366 —47366 0 0 —47366 —47366
Ko1  260.14 260.14 0 0 260.14 260.14
kpi1  0.0013 0.0013 0.0023  0.0023  0.0033 0.0033
ki1 0.0835 0.0835 0.1420 0.1420 0.2087 0.2087
kpvi  0.1085 0.2056 0.0957 0.0957 0.0434 0.0822
kiv1 13.640 51.674 50.092 50.092 5.4561 20.670
Rgs1 0.0800 0.0800 0.0800 0.0800 0.2000 0.2000
Ki2  —47366 —47366 0 0 —47366 —47366
Koo 260.14 260.14 0 0 260.14 260.14
kpiz  0.0013 0.0013 0.0023 0.0023  0.0008 0.0008
kiio 0.0835 0.0835 0.1420 0.1420 0.0522 0.0522
kpva  0.1085 0.2056 0.0957 0.0957 0.1737 0.3290
kivo 13.640 51.674 50.092 7.5139 21.824 82.679
Rgs2  0.0800 0.0800 0.0800 0.0800 0.0500 0.0500

are all listed in the left-half s plane.

However, when two converters in the system I adopt control
parameters of above single-converter situation, there is a
stability problem. As shown in Fig. 7(b), system I has a pair
of conjugate poles which are listed in the right-half s plane,
which means system I is unstable. The above conclusion can
also be verified by bode diagram shown in Fig. 6: log-phase
curves of transfer functions Gyiy1(s) has a negative phase
margin.

In case 2, values of wick, Mk, Wyer and 7y are consistent
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Fig. 7. Zero-pole diagram. (a) single-converter of case 1. (b) System I of
case 1. (c) System I of case 2.

with those in the above first step of individual control parame-
ters design procedure (k = 1, 2). As shown in Fig. 6, log-phase
curves of transfer function Giy1 (s) has positive phase margin,
which means 1*" LRC in system I is stable. Furthermore,
conclusion system I under case 2 is stable can be obtained
by zero-pole diagram: zeros and poles are all listed in the
left-half s plane shown in Fig. 7(c). In addition, due to zero-
pole cancellation, system I under case 2 can be approximated
by a second-order model. Then, oscillation frequency and
damping factor of system can be calculated based on dominant
conjugate poles.

Comparing case 1 and case 2, effectiveness of system-level
control parameters design procedure is verified in this section.
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Additionally, origin of effectiveness should be figured out. For
instance, control-to-inductor current transfer functions used by
the two design procedures are very different: transfer function
Gia(s) has positive phase margin, while transfer function
Giq1(s) has a negative phase margin, as shown in Fig. 6.

Experimental verifications have been provided, as shown in
Fig. 8. In case 1, DC bus voltage of single-converter situation
can be stabilized after a short transient process when power of
resistive load changes from 1.875 MW to 3.625 MW. More-
over, stable oscillation frequency of single-converter situation
in Fig. 8 is about 68.05 Hz, which is basically consistent with
theoretical value of 65.6 Hz in Fig. 7(a). System I under case
1 is unstable after constant power load changes from 2.5 MW
to 5 MW. In addition, unstable oscillation frequency of system
I under case 1 in Fig. 8 is about 71.74 Hz, which is basically
consistent with theoretical value of 67.4 Hz in Fig. 7(b). At
the same CPL disturbance, DC bus voltage of system I under
case 2 can be stabilized after a short transient process. Stable
oscillation frequency of system I under case 2 in Fig. 8 is
about 49.0 Hz, which is basically consistent with theoretical
value of 50.1 Hz in Fig. 7(c).
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14.00 f---oommmmmn T $3Hz
— 68.05 Hz, 51z
5 12.00 /< 08.05 Hz; S \
= 10.00 g g i ey g
g 8.00 it
g O L
E 288 L/ 49.00 H.Z. ; — Casel:Single-converter
: +|— Casel:System I
2.00 : +|— Case2:System |
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@ e — . I
(®R)_200mV 710.0ms ]

Fig. 8. Experimental waveforms of DC bus voltage under case 1 and case 2.

B. Wide Range Design Capability of Oscillation Frequency

In this section, wide range design capability of system-level
control parameters design procedure for oscillation frequency
will be introduced in detail. Then, three cases (case 3, case
4 and case 5) with different oscillation frequency design
proposes are set. In the above three cases, selected values of
Wick> Mik and Ny are 100 * 2 x 7, 0.1 and 1, respectively. For
wyek, Selected values for case 3, case 4 and case 5 are 10%2x,
30 % 2 % 7 and 60 * 2 * 7, respectively.

As shown in Fig. 9, increasing crossover frequency wyck.,
crossover frequency of Tyivter(s) will be increased with pos-
itive phase margin. According to frequency domain curves
of transfer function Gyiyricr(s) depicted in Fig. 10, control
bandwidths wy,; of case 3, case 4 and case 5 are known
to be 18.6 * 2 * 7 rad/s, 41 * 2 x 7 rad/s and 86.7 * 2 x 7
rad/s, respectively. This means oscillation frequency of system
I will be increased with positive damping factor, as shown in
Fig. 11. In addition, due to zero-pole cancellation, system I
under above three cases can be approximated by a second-
order model, respectively. Then, oscillation frequency and
damping factor of system can be calculated based on dominant
conjugate poles.

Experimental verifications have been provided, as shown
in Fig. 12. Corresponding results of case 3, case 4 and
case 5 represent significantly uniform oscillation frequency in
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accordance with Fig. 11. Consequently, oscillation frequency
of DC bus voltage in a wide oscillation frequency range (such
as 10-70 Hz) can be designed accurately.

C. Consistent Dynamic Characteristic Design of Different
Systems

Dynamic stability of system can be guaranteed based on
system-level control parameters design procedure, but cal-
culation burden of control parameters is too heavy. Then,
effectiveness of the sharing principle of control parameters
designed by equivalent reduced-order model (EROM) will be
introduced, as detailed in case 6 and case 7. For system I and
system II, filter parameters of their equivalent reduced-order
model are the same. Therefore, based on control parameters
design of same equivalent reduced-order model, consistent
dynamic characteristic design of different systems can be
realized in this paper.

As shown in Fig. 13, theoretical crossover frequency of
Tyivie(s) increase which is the result of increased preset
crossover frequency wy.. This means oscillation frequency
of equivalent reduced-order model will be increased with
increased crossover frequency ws., which can be verified by
zero-pole diagram shown in Fig. 14 intuitively. According to
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of case 3. (b) System I of case 4. (c) System I of case 5.

16.00
14.00
12.00
2 10.00 .
gﬂ 8.00
2 6.00 13.07 Hz | |
4.00 — Case3:System |
— Case4:System |
2.00 — Case5:System 1
0.00 &gy =z g 022
iggmz 20.0ms ;[20 o okt %m\v ][ ”2%‘713‘:3”2']
@D 200my 20.0ms
Fig. 12. Experimental waveforms of DC bus voltage under case 3, case 4

and case 5.

Fig. 14, equivalent reduced-order model can be approximated
by a second-order model. Then, oscillation frequency and
damping factor of system can be calculated based on dominant
conjugate poles.

Based on the proposed control parameters sharing method,
control parameters of each converter in the system can be
obtained quantitatively. Since parameters of each LRC in sys-
tem I are consistent, and voltage-current closed-loop transfer
function of equivalent reduced-order model and £*"" LRC can
be obtained, as shown in (30), (31) and (32) respectively.
For system I, zeros and poles of each transfer function
Glivrick (s) are consistent with transfer function Gyiyrfceq(S)-
In addition, transfer function Gyiyrceq(s) can be obtained by
adding transfer function Gyiyiicr(s) to each other. The above
conclusion can also be verified by bode diagram and unit step
response shown in Figs. 15 and 16 respectively. For system
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II, zeros and poles of each transfer function Gyiyrfer(s) are
also consistent with transfer function Gyiyrfceq(s), as shown
in (30), (33) and (34) respectively. In system II, transfer
function Gyiyrfceq(s) can also be obtained by adding transfer
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Fig. 16. Unit step response of case 6.

function Gyiyrtcr () to each other, as shown in Figs. 15 and 16
respectively. In system I, control bandwidth wyp of voltage
closed-loop transfer function for both LRCs is 29 %2 7 rad/s.
For system II, control bandwidth w15 of voltage closed-loop
transfer function of the 2** LRC can be identified as 35.4% 27
rad/s.

Gvivrfceq(s) =
(2.1565 x 10%)(s 4 251.3)(s + 62.83)

(s + 604.1)(s + 63.59)(s2 + 141.25 + 8.865 x 10%)
(30)

Gvivrfcl(s) =
(1.0782 x 105)(s + 251.3)(s + 62.83)

(s + 604.1)(s + 63.59)(s2 + 141.25 + 8.865 x 10%)
(31)

Gvivrfc2 (S) =
(1.0782 x 10%)(s + 251.3)(s + 62.83)

(s + 604.1)(s 4 63.59)(s% + 141.25 + 8.865 x 10%)
(32)

Gvivrfcl(s) =
(43130)(s + 251.3) (s + 62.83)

(s + 604.1)(s + 63.59)(s2 + 141.25 + 8.865 x 10%)
(33)

CVVvivrch (S) =
(1.7252 x 10%)(s + 251.3)(s + 62.83)

(s + 604.1)(s + 63.59) (s 4 141.25 + 8.865 x 10%)
(34)

In order to verify effectiveness of the proposed control pa-
rameters sharing method, bode diagram and unit step response
diagram of case 7 are also given, as shown in Figs. 17 and
18, respectively.

Corresponding experimental results of case 6 and case 7,
which are plotted in Fig. 19, represent significantly uniform
steady-state and dynamic-state performance of DC bus voltage
among system I, system II and their consistent equivalent
reduced-order model. In addition, corresponding results of
case 6 and case 7 represent significantly uniform oscillation
frequency in accordance with Fig. 14. The fundamental reason
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for the above results is application of control parameters
sharing method proposed in this paper.

Consequently, correctness of control parameter sharing
method is verified, even if parameters of converters in sys-
tem are different. This means control parameters of multi-
converters MVDC power system can be designed by its
equivalent reduced-order model.

D. Dynamic Interaction Analysis

Due to dynamic interaction between converters in a DC
system, change of control parameters of one converter will
inevitably affect dynamic behavior of other converters. Then,
two cases with different design proposes are set, as shown in
case 8 and case 9. In case 8, values of wick, Nk, Wyvek and Nyg
are consistent with those in single-converter situation (k = 1,
2). While in case 9, value of 7 is selected as 1.25, and other
parameters are consistent with case 8.

As shown in Fig. 20, log-phase curves of transfer function
Tyiv1(s) under case 8 have positive phase margin. This means
the damping factor is positive, which can be verified by
zero-pole diagram shown in Fig. 22 intuitively. According
to Fig. 22, system I under case 8 can be approximated
by a second-order system. Then, oscillation frequency and
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Fig. 19. Experimental waveforms of DC bus voltage. (a) Equivalent reduced-
order model. (b) System I. (c) System II.
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damping factor of system can be calculated based on dominant
conjugate poles.
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Compared with case 8, crossover frequency fy.o of transfer
function Tyiy2(s) decrease with decrease of 7,9, as shown
in Fig. 21. Due to dynamic interaction between converters,
control bandwidth f,p of transfer function Gy;y,1(s) will also
be reduced as shown in Fig. 21. Then oscillation frequency of
system will be reduced with increased damping, which can be
verified by zero-pole diagram shown in Fig. 22 intuitively.
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Experimental verifications have been provided, as shown in
Figs. 23 and 24. Corresponding results, which are plotted in
Fig. 23, represent significantly uniform oscillation frequency
and damping factor in accordance with Fig. 22. As shown in
Fig. 24, current overshoot of LRC; is larger than LRCs, which
verified theoretical design goal that response speed of LRC;
is faster than LRC5 under case 9. Consequently, correctness of
the proposed system-level control parameters design procedure
is verified, even if dynamic characteristics of each converter
are different.

V. CONCLUSION

Open-loop and closed-loop transfer functions of each con-
trol loop of converter are established in this paper, which
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Fig. 24. Experimental waveforms. (a) LRC;. (b) LRC3.

considers dynamic interaction between converters in multi-
converters MVDC power system. Moreover, number of poles
(or zeros) of transfer function considering dynamic interaction
between converters is very consistent with single-converter sit-
uation. This means, with the above transfer functions, control
parameters design complexity of system can be reduced sig-
nificantly. In addition, dynamic interaction mechanism voltage
control dynamics of a converter affected by other converters
can be evaluated based on voltage closed-loop transfer func-
tion accurately.

System-level control parameters design procedure proves to
be an effective tool for simplifying control parameters design
of multi-converters MVDC power system. In this design
procedure, control parameters of all converters are designed
from the point of view of system dynamic stability. Through
mutual cancellation of some zeros and poles, system can be
designed as a second-order model. Then, oscillation frequency
and damping factor of system can be evaluated accurately. In
addition, control objectives of each converter with different
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dynamic characteristics can be achieved, which depends on
selection of different design principles.

Based on dynamic interaction mechanism between convert-
ers of each control loop in the system, a control parameter
sharing method is proposed. With this sharing method, control
parameters of equivalent reduced-order model of system are
shared with each converter. Then, oscillation frequency and
damping factor of DC bus voltage in a wide oscillation fre-
quency range (such as 10-70 Hz) can be designed accurately.

For stability problems of multi-converters MVDC power
systems caused by loss of source converters, controller output
limit, duty saturation, topology change, inaccurate circuit
parameters, etc., corresponding control parameter redesign
methods will be discussed in depth subsequently.

APPENDIX
A. Detailed Deduction of Current Control Transfer Function

As can be seen from Fig. 1, multi-converters MVDC power
system can be established as:

V=S {Guae(5)Dals)} (AD)
z=1

Taking state feedback control and current control into ac-
count, duty Dy (s) of k*" LRC can be obtained, as shown in
(A2).

Dy (8) = Gic(s) Iy — I) — fer(s)V

Combining (A2) to (Al), multi-converters MVDC power
system can be written as:

V= Z{Gvdm

N Z{Gde(S)fc;r(S)V}
r=1

(A2)

1cm( )(Irm - [a:)}

(A3)

It can represent (A3) as (A4):

{1+Z VdT fC’I' ))}
—Z{Gvdx

Equation (A4) can be rewritten as:

{1+Z vda: fcw ))}Zg;«lzvl((sj)'m)

- Z{Gvdx

In fact, (AS) can be reformulated as follows:

{1 + Z de fca: } i
Z{Gvdr

1cm( )(Irm - Ix)} (A4)

1cac( )(Ix - Ix)} (AS)

1cr( )(Irr

- L)} (A6)

Then, by combing similar terms, (A7) can be given as
follows:

n

Z{Gvdw
93 {Guanls)

Although (A7) seems to be a multi-input multi-output
system, it can actually be written as multiple single-input
single-output systems, as shown in (AS).

{{1 + Z vda (8) fea( ))} + Giv(s)Gvdk(S)Gick(S)} I

= Giv( )Gvdx( )Gicm( )Irk

+G1V lCﬂ?( ) I}

Gice (S)Irar} (A7)

(A8)

Then, closed-loop transfer function Giiger(s) of current
control of k' LRC can be obtained, as shown in (A9).

. s) = Irl _ Gvdk(S)Gick(S)Giv(S)
Giitor(5) = 7. (G | ()
+Gak(8)Gick (5)Giv(s)

B. Detailed Deduction of Voltage Control Transfer Function

Considering state feedback control, current and voltage
control, duty Dy (s) of k' LRC can be written as follows:

Dy (s) = {Gick (SH Gick (8) (Vietk — V) — I} — fer(s)V'}
(B1)

Taking (B1) into consideration, (A1) can be rewritten as:
V= Z{Gvdm( lczv< ){Gvca:( )
=1
- Gvdw<5)fcw(5)v}

By combining similar terms for (B2), the following equation
can be obtained.

V) - Iw}

refr —

(B2)

V+Z{Gvdx( )Gicae (S{Grvea(8)V + I}
=1

+ Gz (8) fex (5)V'}

i vz (8)Gica (8) Gvez (8) Vieta) (B3)
Similarly, (;3) can be reformulated as follows:
{ Z {Gdn(5)Gicx (8) (Gex (8) + paGiy(s))}
+ Xn: {Gran(s) fea(s)} + 1}V
zn: Gyda (5)Gice (5)Gyea (5) Vieta) (B4)
=1
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Obviously, (B4) can be seen as a multi-input single-output
system. Therefore, closed-loop transfer function Gyiytcx (s) of
voltage control of k" LRC can be obtained, as shown in (BS).

Vref;c
\%
_ Gdz(8)Gica (5)Gvea (8)
{ Zzzl{Gvdw(s)Gicx(S)(Gvcm(s) +p:Giv(8))} }

Guivick (5) =

+ Z;Lzl{Gvdac(s)fcz<s>} +1
(B5)
C. Detailed Deduction of Droop Control Transfer Function

Taking state feedback control, current control, voltage con-
trol and droop control into account, duty Dy(s) of k" LRC
can be given as follows:

Di(s) = {Gick (8)Grek (8) (Vietk — Vir(s) = V)
- Gick(S)Gvck(s)Ik - fck(s)v}

Combining (C1) to (Al), multi-converters MVDC power
system can be rewritten as:

(CI)

V= Z{Gvdw(S)Gica:(S)Gvcw(s)(V;efx - ‘/ra:(s) - V)

- Gvdx(s)[Gicm(S)Gvcw<s>Iw + fca:(S)V]} (C2)

Then, voltage closed-loop transfer function Gliyrek(s) of
k™ LRC can be obtained, as shown in (C3).

‘/ref T

\%4

_ Gvdz(s)Gicx (S)Gvcz(s) (C3)

{ 22:1{Gvdx(S)Gicx(s)(Gvcx(S)(1 JrTCeqS) }
+pIGiV(s))} + ZZ:I{Gvdm(S)me(s)} + 1

Gvivrfck (S) =
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