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Abstract: This paper presents a detailed small-signal analysis and an improved dc power sharing
scheme for a six terminal dc grid. The multi-terminal DC (MTDC) system is composed of (1) two
voltage-source converters (VSCs) entities operating as rectification stations; (2) two VSCs operating
as inverting stations; (3) two dc/dc conversion stations; and (4) an interconnected dc networking
infrastructure. The small-signal state-space sub-models of the individual entities are developed and
integrated to formulate the state-space model of the entire system. Using the modal analysis, it is
shown that the most critical modes are associated with the power sharing droop coefficients of the
rectification stations, which are constrained by the steady-state operational requirements. Therefore,
a second degree-of-freedom compensation scheme is proposed to improve the dynamic response of
the MTDC system without influencing the steady-state operation. Time domain simulation results
are presented to validate the analysis and show the effectiveness of the proposed techniques.

Keywords: dc grids; power sharing; voltage-sourced converters

1. Introduction

Following the progressive improvements in the semiconductors industry, high-voltage-
high-power power electronic converters are recently emerging the market. The newly developed
ABB HiPak™ insulated-gate-bipolar-transistor (IGBT) is introduced with high power density (4.5 kV,
1.2 kA) and a relatively high switching frequency of 2 kHz [1]. Motivated by these improvements,
voltage-source converters (VSC)-based HVDC systems are widely adopted [2]. VSCs have recently
reached a dc voltage level of 350 kV whereas the largest installed dc transmission system is rated at
400 MW [3]. Futuristic visions of multi-terminal dc (MTDC) grids are investigated to evaluate their
cost-benefit feasibility. As compared to point-to-point HVDC systems, MTDC grids are technically
well-suited to interface scattered-long-distant bulk delivery of offshore wind energy [3,4].

In the future power systems, dc grids (among them, the MTDC) are expected to penetrate the
ac power system to interconnect multiple ac networks, express infeed systems to city centers or
supply remote areas [5-7]. As shown in Figure 1, the MTDC system understudy is an adapted version
from [6] and is formed to interface six power electronic-based entities [6,7]. The MTDC infrastructure
can be considered as a dc pool that supplies/receives dc powers to/from the terminal entities.
The rectification stations consist of voltage-source rectifiers (VSRs), denoted as VSC1 and VSC2 in
Figure 1, which operate as supplying units to inject the dc powers (P;.; and Pj) to the dc pool. The ac
sides of VSC1 and VSC2 can be wind or photovoltaic farms, or a remotely-connected ac utility-grid.
On the same figure, there are four loading entities: Two are interfaced by voltage-source inverters
(VSIs), denoted as VSC3 and VSC4, to supply the dc power (P;3 and P;.4) to the remotely-connected
ac grids whereas two dc/dc buck converters draw Pj;.5 and Py.5 in order to share a common resistive
load (Rjo44). The base value of the dc power and the dc voltage for the MTDC system in Figure 1 are
500 MW and 250 kV, respectively.
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In literature, the control of the MTDC systems is categorized into two main schemes:
The master-slave and the dc-voltage droop control scheme. The reliability of the master-slave
configuration is relatively low because the loss of the master converter is followed by an immediate
failure of the entire system. Moreover, the master converter broadcasts the control commands to the
slave converters via communication means, which might not be a feasible option in the remotely
dispersed MTDC networks [8]. On the contrary, the dc-voltage droop control offers a much higher
reliability because the operation of the MTDC network is not dependent on one converter and the
control strategy is entirely autonomous [9].

A systematic control design procedure and a stability analysis for a MTDC system connecting
offshore wind farms to ac systems have been presented in [10]. The authors emphasize on the droop
selection criteria and use a behavioral model of VSCs, which does not reflect the complete dynamics of
the overall system. A dc droop-based control scheme has been considered in [11] where the droop
controllers are designed by solving a convex optimization problem with linear matrix inequalities.
Another work in [12] investigates the influence of the transmission-lines resistance within the MTDC
network in the steady-state conditions using static power flow tools. However, the associated dynamic
stability conditions are not addressed.
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Figure 1. The MTDC system under study.

A modified droop control loop has been proposed in [13,14] to provide a frequency support to the
interconnected ac grids via the MTDC network. The modified droop scheme is effective in reducing
the frequency deviations following disturbances on the ac side. An adaptive droop control scheme
is provided in [15] to ensure a proper distribution of the power burden among the droop-equipped
converters. In [16], a small-signal stability study of the MTDC network is conducted considering
the dynamics of the interconnected ac machines. However, the influence of the droop-based power
sharing is not addressed. Multiple simulation results are shown in [17] to reflect the effectiveness of
the MTDC networks as an attractive transmission system.

Motivated by the potential benefits of the high-voltage dc networks, this paper presents
an extensive modal analysis based on a complete state-space model for the MTDC system shown in
Figure 1. The influence of the droop-based dc power sharing control on the MTDC system stability
is investigated. It is shown that the high dc-voltage droop coefficients have a positive influence on
the system stability but is accompanied with a remarkable steady-state degradation in the dc-voltage
regulation. On the contrary, the small droop coefficients reflect a better dc-voltage regulation at the
expense of the system stability. A coupling between the dynamic performance and the steady-state
operation is therefore yielded (a trade-off). In this paper, a second degree-of-freedom is proposed
and implemented in the control structure of the VSCs in order to separate the coupling between the
dynamic and the steady-state performance.
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The contributions of this paper are as following:

- The development of the detailed and accurate small-signal modeling of the MTDC system in
Figure 1.

- Conducting the stability and sensitivity analysis to investigate the influence of the parameters
variations on the system stability.

- Implementing the proposed dynamic droop loops to enhance the system stability without
affecting the steady-state performance.

- Conducting time-domain simulations using Matlab/Simulink for the entire MTDC system.

2. Large-Signal Model of the MTDC System

The MTDC system under study is shown in Figure 1. The following subsections detail the
large-signal modeling of the MTDC entities.

2.1. Rectification Stations 1-2

As shown in Figure 1, the power circuit of the ac side of VSC1 is modelled in the rotating d-q
reference frame as shown in (1), whereas the model of the dc-link capacitor is shown in (2).

d .
Vi—Vu=Ri1+L; Eh + jwi1 LIy 1)
d 3 Vi
CdclEVdcl = E(mdlldl +mglp) — Ija — Ric ()

As shown in Figure 2a, the VSRs are equipped with an outer dc power sharing controller,
an intermediate proportional-and-integral (PI) voltage controller (G (s)) and an inner PI current
control loop (Gji(s)) [18]. The outer static droop loop processes the measured dc power
(Pic1 = Viae1lye1) via a low-pass filter (LPF) and through the static droop coefficient (Kg1). In Equations
(1) and (2) and Figure 2a, the subscript “1” is replaced by “2” to represent the power circuit model
and control loops of VSC2. The converter with the higher droop coefficient injects a less amount of dc
power according to the equality K1 Py.q = Ks2Pyeo [18].

2.2. Inversion Stations 3-4

The power circuit model of the inversion station is modeled in Equations (3) and (4).

d .
Viz — V3 = R3l3+ Lj EI:)’ + jwsLal3 3)
d 3
CdCSEVdc;“) = lje3 — > (mazlys 4+ mgzlys) 4)

The control structure of the inversion stations is shown in Figure 2b. PI inner current controllers
(Gi3(s)) are implemented in the rotating d-g reference frame. The reference value of the g-component
of the controlled ac current is set to zero whereas the d-component is defined by I, = P;/1.5V,,,
assuming stiff ac grid conditions. In Equations (3) and (4) and Figure 2b, the subscript “3” is replaced
by “4” to represent the power circuit model and control loops of VSC4.

2.3. DC/DC Conversion Stations 5-6

The power circuit model of the buck converter 5 is modeled in Equations (5) and (6).

dl
Vs — Vo5 = Rsl5 + L575 )
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1 A%

ECdCS% = Viaclac — V515 (6)
1 _ dV2
ECS dtO5 = V5l5 — V5105 )

Referring to Figure 2c, the control structure of the dc/dc conversion stations is similar to the
rectification units; i.e. an outer power sharing loop, an intermediate PI dc voltage controller (G,5(s)),
and an inner PI dc current controller (G;5(s)) [18]. In Equations (5)—(7) and Figure 2c¢, the subscript “5”
is replaced by “6” to represent the power circuit model and control loops of the buck converter 6.

2.4. MTDC Network

As shown in Figure 1, the infrastructure of the dc pool is represented by dc cables and is modeled
in (8).
n—+1, n=1-5

1, n==~6 ®

dI;
Vdcn - Vdcm = Rlnlln —+ LlnT:/m = {

- Supplementary
tatic droop loop droop loop
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Figure 2. The control structure of the MTDC entities. (a) VSRs (VSC1-2); (b) VSIs (VSC3-4); (c¢) DC/DC
converters (5-6).

3. The Proposed Supplementary Dynamic Droop Loop

The proposed supplementary dynamic droop loop is shown in Figure 2a. The dc-link voltage
(Viic1) is applied to a gain (K41) and a high-pass filter (HPF) with a cut-off frequency of wy; to generate
a compensation signal. It is shown in the following sections that the proposed supplementary droop



Electronics 2019, 8, 130 50f17

loop contributes to the stabilization of the MTDC network. Note that the output compensation signal
of the proposed loop is zero in the steady-state conditions and so no influence on the steady-state
operation is yielded. In other words, the steady-state operation is solely dictated by the static droop
gain (K;1) whereas the dynamic performance is independently enhanced by the supplementary
dynamic droop loop. The proposed dynamic droop loops are implemented in VSC1 and VSC2.

4. Small-Signal Modeling and Stability Analysis of the MTDC System

In order to address the interaction dynamics issues among the MTDC entities and investigate
the overall system stability, a linearized state-space model of the entire MTDC system is developed.
The modeling procedures are detailed in Appendix A.

Throughout this paper, a non-linear time-domain simulation model for the entire MTDC system
in Figure 1 is built under the Matlab/ Simulink® environment (MathWorks, Natick, MA, USA) to
verify the results. The power electronic converters are considered in the simulation model with the
circuit structure and the control topology as shown in Figure 2. The complete model entities are built
using SimPowerSystem® toolbox (MathWorks, Natick, MA, USA). The VSCs are simulated using
average-model whereas the dc/dc converters are simulated using the switching-model. The simulation
type is discrete with a sample time of 20 ps. The control and physical parameters of the MTDC system
are given in Appendix B.

As a base case scenario, the two dc/dc converters supply a 0.3 p.u. dc resistive load whereas
the power commands for both VSC3 and VSC4 is 1.4 and 0.5 p.u., respectively. The total supplied
power from VSC1 and VSC2 is 0.8 and 1.4 p.u., respectively. The complete eigenvalues are shown
in Table 1. The system is stable with left-hand sided eigenvalues on the s-plane. It is shown from
Table 1, and based on the participation factor analysis, that the states of the ac-dc filters (i.e. inductors
or capacitors) in the VSCs and the dc/dc converters are associated with the highest damped modes.
The current controllers of all converters reflect relatively high damped modes (Asp—A34, Ago—A4a).
Therefore, these modes are not detrimental to the system stability.

The most critical modes, i.e., Ayp—Ay1, are influenced by the dc voltage control loop of the VSRs.
The power sharing controllers of the VSRs and dc/dc converters influence the relatively medium
damped modes, i.e., Ay, A3, and Ayy. Moreover, the MTDC cable parameters are correlated to
the relatively high damped modes (A2-A11, and Ayg). The following subsections emphasize on the
influence of these parameters on the system dynamics.

4.1. Influence of the MTDC Cables

Table 2 shows the influence of reduced cables resistance (()/km) under a fixed inductance and
a fixed cable length. It is clear that the reduced resistive negatively affects the system damping.
The analytical results in Table 2 are verified using the time-domain simulations. As shown in Figure 3,
the resistive component of the MTDC cables is reduced from 0.04 to 0.005C)/km at t = 8 s. The response
has two oscillatory components: A fast response (magnified) corresponding to the modes associated
with the MTDC cable and a much slower response associated with the static droop loop as will be
shown hereunder. The magnified response in Figure 3 shows that a 0.08 s is needed to complete 8
cycles, and hence the frequency of oscillation is 100 Hz. Further, the envelope of the time-domain
oscillating signal should decay to 0.37 p.u. of the initial amplitude in 0.06 s, whereas the damping ratio
is 0.04. At the bottom of Table 2, the corresponding analytical results are 100 Hz, 0.06 s, and a damping
ratio of 0.03. The analytical and time-domain results show a reasonable agreement, which validates
the developed small-signal model of the MTDC system.

The influence of the increased inductive components of the MTDC cables is investigated in Table 3,
which has a negative effect on the system damping. The analytical results in Table 3 are verified in the
Simulink model by doubling the cable inductance at t = 8 s as shown in Figure 4.
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Figure 3. Time domain simulation of the dc power flowing through line 4 following a step response
from 0.04 to 0.005 Q) /km att =8 s.
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Figure 4. Time domain simulation of the dc power flowing through line 4 following the doubling of
the MTDC lines inductance at t = 8 s.

Table 1. Eigenvalues and Participation Factor Analysis of the MTDC System.

Eigenvalue Influencing State(s) Contribution (p.u.)
M —562750 Al , Al 0.5,0.5
Az, A3 —124.6 + 2353 Aljs, AV, AVyes 048, 0.25,0.25
Ag, As —126.5 +1138 Alp, AV, AV 0.29,0.25,0.18
Aes Ay —123.7 £ {879 AV, Az, AV 0.17,0.16, 0.15
Ag, Ag —124.1 £ j620 AVys, AV, Al 0.24,0.19, 0.14
Mo, An —124.1 + j486 Alig, AVies, AV 0.18,0.14, 0.13
M2, A3 —339.7+ j1261.2 AV,s, ,AVos, Alyg 0.24,0.24,0.2
M4 —2027.6 Alg ,Als 0.39,0.39
A5 —~1797.1 Als, Alg 0.35,0.35
M6 —2500 Alp, Aly 0.73,0.22
My —2500 ALy, Ay 0.73,0.22
Ms —732.7 AVys, AVys 0.32,0.32
Ao —250 Aly, Al 0.24,0.24
. Axy1, Axg 0.25,0.24
A2, A2t —17 +j474 AV — AVges 0.08
Ax —27.1 AXq, Axg 0.64,0.24
)L23 —29.5 Axsz, Axsl 072, 0.26
Aos —4.96 Axp1, Mg 0.44, 0.44
A25 —6.1 Axv6, sz,5 0.46, 0.46
)‘26 -7.7 Axv5, Axvé 0.48, 0.48
)\27 —20.8 AXS5, AX56 0.49, 0.49
A2g —96.7 AX,’5, AX,‘@ 0.41, 041
Azg —743 Axs, Dxss 0.38,0.38
Aso —783 Axig, Axjs 0.46, 0.45
Az —2500 Algp, Aly 0.52, 0.42
)\32 —100 Axidz, Axiq4 028, 0.25
)\33 —100 Axiqz, Ax,-d4 0.22,0.2
Azq —100 Axid3, Ax,-q3 0.32,0.3
Ass —2500 Algy, Ml 0.85,0.05
Az6 —2500 Algs, Al 0.45,0.29
Asy —2500 Alys, Al 0.49, 0.2
Ass —2500 Alg, Aly 0.75,0.07
Ao —2500 Alyy, Mg 0.71,0.16
/\40, A41 —100 AX,‘d3, Ax,»q4 0.24,0.19
Ay —100 Axid4, Ax,-qz 0.34,0.27
/\43 —100 Axid3, Axiq3 0.34,0.3

A ~100 Axigr, Axigy 0.68,0.18
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Table 2. Influence of the DC Resistance of MTDC Cables.

0.04 Q/km 0.02 QY/km 0.01 Q/km 0.005 QY/km
Ao, A3 —124.6 £j2353 —62.1 £j2355 —30.8 £j2356 —15.2 £j2356
A4, As —126.5 £j1138 —64.1 £j1143 —33 +£j1144 —17.4 £j1144
Ao, Az —123.7 £j879 —61.4 £j886 -30.3 £j887.3 —14.7 £j887.7
Ag, Ag —124.1 £j620 —62.1 £j629.1 —-31.1 +j631.4 —15.5 £j632
Ao, M —124.1 £ j486 —62 £ j498 —30.9 +j501 —15.4 £j502
A9 —250 —125 —62.5 —31.25

Modal Analysis vs. Time Domain Simulations

Modal Analysis Time Domain Simulations

Ag, Ag 100 Hz—0.06 s—0.03 Figure 3 100 Hz—0.045 s—0.04

Table 3. Influence of the Inductance of MTDC Cables.

1X length 2X length 3 length 4X length
Az, A3 —124.6 £ j2353 —62.1 £j1664.7 —41.3 £j1360 —31 +j1177
Ay, As —126.5 +j1138 —64 +j807.8 —43.3 +j661 —34 +j1261
Ae, A7 —123.7 +j879 —61.2 £j625.7 —40.3 +j513 —33 +j574
Ag, Ag —124.1 + {620 —61.7 4 j444.2 —41 + {365 —30 4 445
Ao, At —124.1 £+ j486 —61.5 +j350.5 —40.6 +j289 —30.6 £j318
A9 —250 —125 —83.3 —62.5

Modal Analysis vs. Time Domain Simulations

Modal Analysis Time Domain Simulations

Ag, Ag 70 Hz—0.016 s—0.138 Figure 4 70 Hz—0.017 s—0.133

4.2. Influence of the Outer Power Sharing Loop and DC Voltage Controller of the VSRs

As shown in Table 1, the pairs (A, Ap1) are the lowest damped modes with a frequency of
oscillations of 7.5 Hz, a slow damping time of 0.59 s, and a damping ratio of 0.04. This pair is associated
with the dc voltage control loop of both rectification stations. Referring to Figure 2a, the dc voltage
controller of the VSRs processes the error signal V;f{ —Vie, which is inherently in terms of Ky and wy.
Therefore, the dc voltage controller parameters and the static droop loop are responsible for defining
the slowest dynamics of the MTDC system.

The influence of the dc-voltage controller of the VSRs is shown in Table 4. As shown, the increased
proportional or integral gains positively affect the system stability. The damping ratio increases to
0.173 and 0.05 with 10 p.u. proportional and 4 p.u. integral gains, respectively. To verify these
analytical results, the Simulink model is run under 10 p.u. proportional and 4 p.u. integral gains,
and a step increase is applied in V;; and V;, from 1 to 1.05 p.u. at t = 4s. The system response
is shown in Figure 5 and the comparison between the time-domain simulations and the analytical
results are depicted at the bottom of Table 4. The increased gains of the dc voltage controllers enhance
the system damping, but with limited capabilities (Figure 5). Moreover, the controller gains might
not be flexible enough to achieve the desired damping as they are designed according to the size
of the dc-link capacitance. The controller design is also restricted to the bandwidth requirements
to achieve a sufficient time-scale separation with respect to the outer power sharing and the inner
current controllers.
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Table 4. Influence of the Proportional and Integral Gains.

of the DC Voltage Controller of the VSRs on the System Stability (Azg, A1)

Kpo1, Kpon lp.u 5pu. 10 p.u.
-1.7 +j47.4 —3.56 £ j47.2 —5.9 +j46.9
1pu 2p.u. 4p.u.
Kiv1, Kinz P P P
—1.7 +j474 —2.6 +66.8 —4.6+193.7
Modal Analysis vs. Time Domain Simulations
Modal Analysis Time Domain Simulations
1p.u. A2o, Aop 7.5 Hz—0.59 s—0.04 Figure 5a 5.9 Hz—0.55 s—0.05
10p-u. Axo, Am 7.4 Hz—0.12 s—0.173 Figure 5b 6.7 Hz—0.16 s—0.15
(valr vaZ)
dpu Ao, Aoy 14.5 Hz—0.22 s—0.05 Figure 5¢ 10.5 Hz—0.21 s—0.07
(Kiv1, Kiv2)

(a)
108 ]
s
= 104 | ]
3 |
S |
1.00 l ]
|
4 4 5 55 6 65 7
Time [s]
(b)
_ 108
3
S 104
<
S
1.00

(c)

Figure 5. The dc-link voltage response of the VSC2 following a step variation in V', and V7, from 1
to 1.05 p-u. att =4s. (a) KP'ULZ = Kivl,2 =1 p-u. (b) val = vaz =10 p-u. (C) Kivl = Kin =4 p-u.

Table 5 details the positive effect of the increase of the static droop gains of both rectifiers on
the most critical modes. The time-domain simulation results are shown in Figure 6 to validate the
analytical results, where a step change in both the static droop coefficients of VSRs is applied from 1 to
S5p.u. att=6sand from5tolp.u. att =8s. At the bottom of Table 5, the analytical and modal analysis
results reflect similar dynamics which confirms the accuracy of the developed models. Figure 6 shows
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that the more damped performance due to the higher droop gain is associated with a less regulated
dc-link voltage, i.e., the value of the steady-state dc-link voltage decreases.

Table 5. Influence of the Static Droop Gains of Both VSRs.

1p.u. 5p.u. 10 p.u. 15 p.u.
A0, A1 —1.7 £j47.4 —2.7 £j48.9 -39 +£j51 -5.1+j53

Modal Analysis vs. Time Domain Simulations

Modal Analysis Time Domain Simulations
1pu Ao, Aot 7.5 Hz—0.6 s—0.04 F;gfrzza 5 Hz—0.58 s—0.056
5p.u Aao, Ao 7.7 Hz—0.4 s—0.06 Ft‘gfrzza 5 Hz—0.42 s—0.075
03201 }6.183 |
—_ 16.387
5 0.300
&
(30280
0.2601 ‘ 8.1941 !8.402 ‘ ]
6 7 8 9 10 11
Time [s]

@)

1.008

3 1.000|

l_"\!

L 0992
~ 0.984
Q

NG
0.976

Figure 6. System response to a step change in the static droop gains for both VSRs from 1 to 5 and 5 to
1p.u. att =6 and 8 s, respectively. (a) Injected dc power from VSC1; (b) Injected dc power from VSC2;
(c) DC-link voltages at VSCs 1 and 2.

5. Influence of the Proposed Dynamic Droop Control Loop on the MTDC Stability

As the critical modes (Ayg, A1) are associated with the static droop gains of the power sharing
loop of both rectifiers, the compensation signal is fed into this loop in order to dynamically enhance
the stability margin.
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The small-signal state-space model is modified to include the dynamics of the proposed
supplementary dynamic droop loop. The influence of the proposed supplementary loop is shown in
Figure 7. The supplementary droop gains for both VSRs (K;; and K ;) are activated and increases from
0 to 10 with a cut-off frequency of the HPF of 300 rad/s. As shown in Figure 7a, the most critical modes
(A20, A21) are relocated to more damped positions on the s-plane. The damping ratio for these critical
modes increases from 0.036 to 0.89 which implies the significant damping capabilities. Figure 7b shows
the influence of the cut-off frequency of the HPF on the system damping. The operating frequency
between 150 and 225 rad/s yields a better damping.

. . . . . . . . . ! | !
7\. 140 T5r/s
“of /ﬂ/d_:/ 22+
30 x*f 1 120+ 150 /s
&
20
100+
> 10t
g [n, Ay A : \\
5o 26 N ”x e’ (@ o e 80,5%&225 /s % 5
% %
% %
£ 10l 25 A 26,27, 28| g % XXX k
0 %

20t *x

30t %% 7 40t

I —_ 300 7/

L r/s
-50 & L L L L L 1 £ 20 L L L L L L L 1 1 1 1
00 -0 80 70 60 50 -40 -30 -20 -10 0 100 -0 80 70 -60 50 -40 -30 20 -10 0
Real Real

(@)

(b)

Figure 7. The effect of the proposed supplementary droop loop on the MTDC system stability—the
proposed droop loop gain in both VSRs increases from zero to 10 (direction of arrow). (a) Cut-off
frequency of the HPF = 300 rad/s; (b) Different cut-off frequencies of the HPF.

6. Evaluation Results

A non-linear time-domain simulation model for the entire MTDC system in Figure 1 is built under
the Matlab/Simulink® environment. The complete model entities are built using SimPowerSystem®
toolbox. The VSCs are simulated using average-model whereas the dc/dc converters are simulated
using the switching-model. The simulation type is discrete with a sample time of 20pus. The control
and physical parameters of the MTDC system are given in Appendix B.

Table 6 depicts the loading sequence applied in the Simulink model to verify the effectiveness of
the proposed supplementary droop compensator. Figure 8 shows the uncompensated system response
at the terminals of VSCs 2,3 and dc/dc converter 5. The uncompensated system response suffers
considerable oscillations associated with the lightly-damped modes of the static droop loop (Az9, A21).
The enhanced droop loop is activated and the system response is shown in Figure 9. It is noted that
the steady-state values of the injected powers and dc-link voltages are not changed. The proposed
compensator decouples the predefined steady-state performance of MTDC entities and the damping
of the system oscillations. It is also clear that the compensated system can operate under small static
droop gains in order to maintain the highly regulated dc-link voltages throughout the dc pool and
keeping the highly damped performance in the meanwhile.

Table 6. Loading Sequence in the MTDC Network.

Rioad VSC3

time=10s

0.75 — 0.6 p.u.

time=8s

0.6 = 0.75p.u.

time=4s time=6s

01—=02pu.  02—0.1pu
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Figure 8. The uncompensated system response at different load-side disturbances according to Table 6;
(a) VSC 2; (b) VSC 3; (c) DC/DC converter 5.
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converter 5.
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For further investigation, a five-cycle three-phase fault is applied at the ac-side of both VSC 1 and
3att =4 and 6 s, respectively. Figure 10a shows the dc power and terminal dc voltage of the VSC 1.
The uncompensated response is still dominated by the slow-lightly-damped dynamics associated with
the static droop loop. On the same figure, the actively compensated system shows a well-damped
response. Figure 10b shows a similar response for VSC3. It is shown in Figure 10c that the healthy
MTDC entities are affected by the faulty conditions. However, the proposed dynamic droop loop
conveys the highly damped response throughout the dc pool.

For further investigations, the average-based models of the VSCs in the preceding
Matlab/Simulink time-domain simulations have been replaced by the switching-based Insulated-Gate-
Bipolar-Junction-Transistor (IGBT) bridge and the 2-level PWM generator. The switching frequency
is 1620 Hz. The compensated response in Figure 10a is reproduced under the switching-based VSCs,
and the corresponding results are shown in Figure 11. Clearly, the results are very close which implies
that the average-based time-domain simulation model is accurate.
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Figure 10. The compensated and uncompensated system response toward a five-cycle three-phase fault
at ac-side of VSCs 1 and 3 at f = 4 and 6 s, respectively. (a) VSC 1; (b) VSC 3; (c) DC/DC converter 5.
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Figure 11. The compensated system response for Vdc1 under the switching-based models of all VSCs
in Figure 1.



Electronics 2019, 8, 130 13 of 17

7. Conclusions

This paper has presented the small-signal modeling and analysis of a six-terminal dc grid.
The modeling approach depends on the development of the small-signal state-space sub-models
of each entity in the MTDC network. A modal analysis is conducted to investigate the system stability
under different operating conditions. It is found that the most critical eigenvalues are highly influenced
by the static droop loop of both rectification stations. The damping of these modes can be improved by
increasing the static droop gains. However, the variation of static droop gains should be subjected to the
steady-state operational performance. Therefore, a second degree-of-freedom is added to the control
structure of both VSRs by proposing a supplementary droop loop in order to enhance the system
dynamics while preserving the steady-state performance (decoupling). The modal analysis shows the
effectiveness of the proposed supplementary loop on the system damping. Throughout the analytical
study, time domain simulation results are presented and compared to the modal analysis results: Both
results show a close agreement which implies an accurate small-signal modeling. The proposed
compensator is simple, designed using linear analysis tools and can be easily implemented on
practical systems.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

1y

Superscript The reference value of the variable.

Superscript “0” The steady-state operating point of the variable.

A The small-signal perturbed value of the variable

S

j

Ry1-6)s Li(1-6)
R1-6), Lii—6), C(5-6)

Rucs—6)r Lac(5-6)

Cic(1-6)r Vie(1-6)
Iii1-¢)

Pie(1-6)r Lac(1-6)
Z’t(l—4)'0(1—4)'1‘(1—4)
Vis—6)r Vo(5-6)
Ii5-6), Io(5—6)
Vload

Kyi1-6)s Kii(1-6)

Kyp(1-2,5-6)s Kiv(1-2,5-6)

Ks1-2), Ky1-2)
Ks-6)

@W(1-4)

Wr(1-2,5-6)r Yd(1-2)

X1-4) = Xg1-4) +iXy1-9)

m(1—4), d(5-6)

The differential operator.

The imaginary number.

The resistance and inductance of the MTDC dc cables.

The resistance, inductance and capacitance of the power converters filters.
The resistance and inductance of the dc cables at the load side of

dc/dc converters.

The dc-link capacitor and dc voltage.

The dc current flowing in the MTDC dc network.

The dc power and current at each conversion station.

The terminal, input ac voltages, and ac current of the VSC.

The terminal and output voltage of the dc/dc converters.

The filter and output current of the dc/dc converters.

The common dc voltage at the load-side of the dc/dc converter.

The proportional and integral gains of the proportional and integral (PI) current
controller G;;_g)(s).

The proportional and integral gains of the PI dc voltage controller G, (1_5, 5_¢)(5)
The static and proposed supplementary droop coefficients of the VSCs.
The conventional droop gain of the dc/dc converters.

The angular frequency of the ac side of the VSC.

The operating frequency of the controller filters.

The direct- (d-) and quadrature (3-) components of the ac quantity X(1-4)-
The duty ratio of the VSCs and dc/dc converters.

Appendix A—Development of the State-Space Model of the MTDC Network

State-Space Model of the VSR

AV,
AX;y = ATAXq + BSt ALy + BS! { AV } (A1)
q1
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where
T
AXy = [ Ay Al AV Axin Axig Dxp Axg Axdl]

ag+ | BA.Dg,  (BA.Dgh el ) + (B ) | BA.Cl BEL.DEL DS

in4 inl"~out
cl _ cl cl cl cl cl
AT = [ Bin2 Binl‘?out ] 02x2 Bz‘nl'lcout ’
c c
O3x2 By ] 03x2 AGut
8x8
cl cl cl el
By3 B+ (Bpl'Din?))
Bcl _ 0 Bcl _
T 2 172 022
Bl 0
out2 48x1 3%x2 8x2

such that the matrices with subscript “out”, “in”, and “p” model the power-sharing and the dc voltage control
loop, the current control loop, and the power circuit, respectively, and are given as following.

. 0 Kin  KinKpwa ) —Kio1 (14 K1) . U

C — — C — C —

Agur =10 w1 0 » Boun = —Kawplyn c B = | —Ksaiwn Vo |
0 —Wy 1 0

Cg%,t = [ 1 sz;l valel (Udl}r

Dg}:tl = *val(l + Kar)-

K K 0 1 0 —Kpn Kpin wi Ly
1 _ il (1 _ il | Va l s d _ V, Ve
By = { 0 } Bip = { 0 K } CGi=1 ¢ o |-DPin= { Vio | Dip =1 _ L K |
Vv — 5
dcl Via Via (A2)
*"’:;1
) 7
D¢l = dia { 1 } D¢l = del
in3 8 Vi 2><2, in4 7qu1
Vdc1
~Ry : —my -V,
T wy I -+ 0 £ 0 0
cl _ o —-R —My cl Ve cl _ 1 cl _ 0
Ap W T - | Bp 0 = |/ Bp R o R e
15my,  15my, 1 151, 0 0 O Cut
(& Cacl Rae1Cacr Caer
State-Space Model of the VSI
43 3 3| AV
AXy = ACAX 3 + B Alys + BS { AVig (A3)

where AX3 = [ Az Alg AVas Axigs Dxigs |7,
3 3 3 3
ag+ [ BRDS BR.DG; | BA.CE } B = { B } et = { B + (BS.D,)
[ By Ox1 | 0232|545 2x1 151 B 5x2

in2
such that the matrices with subscript “in” and “p” model the current control loop and the power circuit,
respectively, and are given as following.

A —

1 0 —Kpiz 7(4); L3
B3 — —Kiis 0 B3 — —Kiis 0 cB = | Vas D3 — Vs Vies
inl 0 —Kjz |7 Tinl 0 —Kjj3 |7 Tin 0 V1° 7 Zinl wy L3 —Kpiz
acs Ve Vies
- o —R3 o Mgy
—P5Kpi3 + 1 0 "My L3 w3 Ly
3 _ | 15V 2V, | Vi, 3 _ Ve 3 _ o —Rs M3
Dy = o L | D5 = 7m§3 CAY = —ws L. T | (A4)
Vi V;r3 *1-5’”;3 —15my, 0
Cics Cics
Vs _
0 Z o 0
3 _ |4 3 _ -1 3 _
By = 0 i | Ba=| 0 ot | B=| 0 |,
—1.5I, L 0 0 Cies
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State-Space Model of the Buck DC/DC Converter

AX5 = A®AX5 + B Alyes + BS Alys

where AXis = [ AVys AVys Als Axis Axgs Axys |
i 5 5 5 5 5 5 5

[ maon mionog, mRon | micy miCRCL ] [ 8

= 5 5 5 5 5 =

A [0 By Doyt Bfnl} 0 Bz?nZ'SDgut By 00
L [OZXI B(C)utl 02><1} 021 Agut 6%6 2x1
r BCS

Bc5_ 672

2 Bc5
L Zout2 d6x1

ZA7H "1

such that the matrices with subscript “out”, “in”, and “p
loop, and the power circuit, respectively, and are given as following.

s _ | —wrs 0 s _ | —Kswyslys 5 _ | —KswyssVys 5 _
Aout - { Kiys 0|’ Boutl - _ ;5 ¢ ’ Boutz - Of 0 ’ Cout - [ KW5
5 _ _ 5 _ _ . 5 _ r.. 5 _ 1 5 _ _Kpt5 5 _ Kyis
Dgur = —Kpes, By, = —Kiis, By, = Kiis, Cjj) = Vot Din = Ve Y2 T o
de5 de5 dc5
Leld o v 0
CchS Vgﬁ . Cdcg Vies C1 0 Cics
A — = d —I Vs B — a5 B — | =L B — | LVas
(o] (o] ] s 7 7 °
b CosVos CosVy5 CosVy5 Pl P2 Cés P3 Cos Vos
ds -1 —Rs Vas
Ls Ls Ls 5
State-Space Model of the DC Networks
Xﬁet = AnetXnet + Bnetunet
Ynet = CnetXnet
where Xyt = [In Inp Iz Iy Is I }T is the six states vector;

15 of 17

(A5)

7

6x1

model the dc voltage control loop, the current control

1],

(A6)

(A7)

unet

T. . T.
[ Vih Vi Vis Viaa Vs Vi | is the input vector; Yuer = [ Iict  lico laes  laca lies  lice | is

the output vector; Ay, Brer and Cye; are defined as following:

I 7%111 0 0 0 0 0
0 —’LL;; 0 0 0 0
0 o R 9 0 0
Anet = Lis R
0 0 0 - 0 0
0 0 0 0 —’f—;; 0
| 0 0 0 0 0 —ge
r 1 1
LI 01 0 0 0
0 I I 01 0 0
B — 0 0 4 s 0l 0
0 0 e
0 0 0 0 A 1
1 Lis Lis
-4 0 0 0 0 =
r 1 1
L TIn 01 0 0 0
0 = & 0 0 0
0 0 A L 9 0
Bt = Li3 1L13 1
0 0 o 4 -1 0
1
01 0 0 0 s I
& 0 0 0 0 =

(A8)
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State-Space Model of DC/DC Converter Loads

The common resistive load of the dc/dc converters is interconnected through the load-side dc network.
The state-space model of the load-side dc network is as follows

I Ios Vos
05 | = Age| 1° Bic| 1/ A9
i = i el 0
_ (Rluaz+Rd65) _ % _ Ll 0
where Ay, = _ ﬁ (Rloerdlc?Sdce) :| Bac = |: Odc5 1 :| ’
dc6 Laco Lacs

Entire State-Space Model of the MTDC System
The final state-space model of the MTDC system is as following.

[Acl Ogx32 B{l.C(l’:)}

net

2,
Ogxs A2 Ogxos BEZC()

net

3,
Osx16 AP Osy19 B§3-C()

net
4,:
0521 A 05414 Bi4'cr(mt)
A= [ A% BP 0sx19 |
[ A BY Og7 ]
(L1) (11) (12) (12) 0 5,
0 Bdc O1x4 Adc 0 Bdc 014 Adr ] Bis B7;<61 C( )
[ 06><7 AC6 BE() ] 1 :
)

O8><1 0
[0 BPY 014 APV 0 BEY 0.4 Afﬁ'”]
(
n

[0 BE e BY 0o B e B Opa B O B Ooxs Aut | |
BS! Osxe
Ogx2 B Ogxs
B = 0554 BEB 052 . (A12)
0sx6 BS*
020x8 468

where M(P4), M(P), M(+9) represents the element in the row “p” and column “g”, the row “p”, the column “g” of
a matrix M and Oy xy is a zero matrix with x rows and y columns.

Appendix B—System Parameters

VSR1 (and VSR2)

Ry = 0.1Q, Ly = 1mH, Cgq = 47 mF, Gyi(s) = 0.01 + 2, Gy (s) = 2.5+ 22,

Kq = 2Ky = 4 x 107V/W, wsy =30 rad/s, Kg1 = 10, wgy = 300 rad/s. ®1
VSI3 (and VSI4)
Rz = 0.1Q, Ly = 1mH, Cy = 4.7 mF, Gy (s) = 2.5 + 2%0 (B2)
DC/DC Converter 5 (and 6)
Rs =0.1Q, Ls = 1mH, Cyo = Co1 = 4.7 mF,Gys(s) =2+ 13, -

Gis(s) =25+ 22, K5 = Kg6 = 0.1mV /W, wps = 20 rad /s.

DC Networks
0.04 O)/km, 0.16mH /km.
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