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 6 

This paper aims at presenting design of two controllers for the study of a microgrid testbed. 
The response of the microgrid testbed to different short circuits would be investigated under 
these two control regimes, namely, reactive power and voltage controls. This paper therefore 
presents design of active power, reactive power and voltage regulators for a converter-
interfaced ac microgrid. The design was performed using Simulink Control Design

®
 in the 

Department of Electrical and Computer Engineering, Curtin University, Sarawak, Malaysia 
between May 2015 and December 2015.  The microgrid consists of two 5.5kW, 575V wind 
turbines based on doubly-fed induction generators (DFIGs). The systems designed are pitch 
control system, active power regulator, reactive power regulator, grid ac voltage regulator, dc 
bus voltage regulator, grid-side converter current regulator and rotor-side converter current 
regulator. The time-domain step response analysis for each modeled plant indicate stable 
performance but poor response. Therefore, regulators were realized in closed-loop feedback 
architecture. Each regulator was designed using small signal frequency response analysis, 
resulting in stable systems with satisfactory response. The regulators have been combined 
to implement two mutually exclusive control regimes: the active power-voltage (PV) control 
and the active-reactive power (PQ) control. Microgrid short circuit studies have been 
performed while the effect of control is decoupled, a highly simplified method which does not 
sufficiently mimic real systems. While attempting to study the microgrid short circuit 
response under different control regimes in a project which is still ongoing, this paper 
presents an attempt to design two control regimes for the ac microgrid testbed. 
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1. INTRODUCTION 10 

  11 
The current power system is experiencing increased proliferation of distributed generation (DG) using 12 
distributed energy resources in order to increase its reliability and resilience. This trend leads to 13 
transformation of the distribution system from passive to active network. Active distribution network 14 
based on converter interfacing presents new challenges to the distribution system. These challenges 15 
include bidirectional power flow, incapacitating existing protection systems and requirement for 16 
advanced control schemes [1-4].  17 
The protection challenge is associated with the limited contribution of the microsources to short 18 
circuits as a result of the effect of power electronic converter. When a microgrid is based on 19 
converter-interfaced microsource(s), such as the doubly-fed induction generator (DFIG) shown in Fig. 20 
1, its contribution to short circuits (SCs) is limited by the converter capacity if it runs in islanded mode 21 
of operation. However, if the microgrid is utility-connected, its contribution to both microgrid and utility 22 
faults is limited by both the converter capacity and by contribution from the utility’s sources. Therefore, 23 
the microgrid’s contribution to microgrid SCs in islanded mode is not same as its contribution to same 24 
fault when in grid-connected mode. This differential contribution to SCs challenges existing protective 25 
relays [5-9].  26 
The control challenge is partly because the microgrid lacks the required stored energy (inertia) to 27 
quickly recover to a new steady state during and after disturbance such as a short circuit [10-15]. 28 
When in grid-connected mode, the microgrid experiences severe oscillation during and after utility 29 
disturbance. Also, the control regime determines the contribution of the microgrid to short circuits and 30 
its stability during and after disturbances. Implementation of control is, therefore, useful for full-scale 31 
deployment of microgrids [16-20]. 32 
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This paper presents an attempt to implement two basic control strategies for a microgrid based on two 33 
5.5kW converter-interfaced DFIGs. The control strategies are active-reactive power (PQ) control and 34 
active power-voltage (PV) control, using a testbed developed in SYMPOWERSystems

®
. The 35 

controllers are designed in order to meet the requirements provided in Table 1.  36 
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 37 
Fig. 1. A simplified DFIG and its connection to the grid 38 

 39 
 40 

Table 1. Required system specifications 41 

Initial value 0 Final value 1 

Rise time 5.00 s % Rise 90 

Settling time 15.00 s % Settling 1.0 

% Overshoot 10.00 % Undershoot 0 

 42 
 43 

2. DESIGN OF CONTROL SYSTEMS 44 
 45 

2.1 Active Power Management Systems 46 
 47 
2.1.1 Pitch Regulator 48 
 49 
The open-loop transfer function of the wind turbine is provided in (2.1). 50 
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Its step response is shown in Fig. 2.1. It fails to meet the required specifications set in Table 1. A 54 
proportional (P) compensator (C) is therefore designed.  55 
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Peak amplitude = 0.169 [at 2.5 s]

Settling time = 0.905 s 

Rise time = 0.508 s [% Rise = 90]

% Overshoot = 0 [% Undershoot = 0]

 56 
Fig. 2.1. Wind turbine rotor pitch open-loop unit step response 57 

 58 
The transfer function of the P compensator is provided in (2.2). 59 

pKC=           2.2 60 

Where,  61 

 .00.479=
p

K  62 

63 
 64 

(a) Step response in time domain  (b) Bode diagram 65 

Fig. 2.2. Closed-loop response of pitch control system in frequency domain 66 
 67 
Fig. 2.2 shows the closed-loop response of the designed pitch control system. It is a stable loop with 68 
infinite gain and phase margins. The system meets the required specifications provided in Table 1. 69 
 70 
 71 
2.1.2 Active Power Regulator 72 
 73 
The open-loop transfer function of the generator is provided in (2.3). 74 
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Where,  77 
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 78 

Its step response is shown in Fig. 2.3. It fails to meet the required specifications set in Table 1. A 79 
proportional-integral (PI) compensator is therefore designed as shown in Fig. 2.4. 80 

Peak amplitude = 0.999 [at 6000 s]

Settling time = 2260 s 

Rise time = 1270 s [% Rise = 90]

% Overshoot = 0 [% Undershoot = 0]

 81 
Fig. 2.3. Generator open-loop unit step response 82 

 83 

 84 
Fig. 2.4. Architecture of active power regulator 85 

 86 
The transfer function of the PI compensator is provided in (2.4). 87 
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 91 
Fig. 2.5 shows the closed-loop response of the designed PI compensator and generator system. It is 92 
a stable loop with infinite gain margin and phase margin of 180

o
 at 0.00223 rads

-1
. The system meets 93 

the required specifications provided in Table 1. 94 
 95 
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 96 
(a) Step response in time domain  (b) Bode diagram 97 

Fig. 2.5. Closed-loop response of active power regulator in frequency domain 98 
 99 
 100 

2.2 Reactive Power Management System 101 
 102 
The open-loop transfer function of the reactive var source is provided in (2.5).  103 
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Its step response is shown in Fig. 2.6. 107 

Peak amplitude = 1.0 [at 0.01 s]

Settling time = 0.00411 s 

Rise time = 0.00231 s [% Rise = 90]

% Overshoot = 0 [% Undershoot = 0]

 108 
Fig. 2.6. Var source open-loop unit step response 109 

 110 
 111 
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 112 
Fig. 2.7. Architecture of reactive power management system 113 

 114 
A PI compensator is designed. Its transfer function is provided in (2.6).  115 
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 119 
Fig. 2.8 shows the closed-loop response of the designed reactive power management system. It is a 120 
stable loop with infinite gain margin and phase margin of 180

o
 at 0 rads

-1
. The system meets the 121 

required system specifications provided in Table 1. 122 

123 
 124 

(a) Step response in time domain  (b) Bode diagram 125 

Fig. 2.8. Closed-loop response of reactive power management system in frequency domain 126 
 127 
 128 

2.3 Voltage Management Systems 129 
 130 
2.3.1 Grid ac voltage regulator 131 
 132 
The open-loop transfer function of the voltage source is provided in (2.7).  133 
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Its step response is shown in Fig. 2.9. 137 
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Peak amplitude = 0.167 [at 1.8 s]

Settling time = 0.729 s 

Rise time = 0.41 s [% Rise = 90]

% Overshoot = 0 [% Undershoot = 0]

 138 
Fig. 2.9. Voltage source open-loop unit step response 139 

 140 

 141 
Fig. 2.10. Architecture of grid voltage regulator 142 

 143 
A PI compensator is designed. Its transfer function is provided in (2.8).  144 
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 148 
Fig. 2.11 shows the closed-loop response of the designed grid voltage regulator. It is a stable loop 149 
with infinite gain margin and phase margin of 140

o
 at 13.5 rads

-1
. The system meets the required 150 

system specifications provided in Table 1. 151 
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152 
 153 

(a) Step response in time domain  (b) Bode diagram 154 

Fig. 2.11. Closed-loop response of grid voltage regulator in frequency domain 155 
 156 
2.3.2 DC bus voltage regulator 157 
 158 
The open-loop transfer function representing the dc voltage of the rotor-side converter is provided in 159 
(2.9). Its open-loop unit step response is provided in Fig. 2.12. A PI compensator whose transfer 160 
function is presented in (2.10) is designed such that the converter closed loop meets the requirements 161 
in Table 1. Fig. 2.13 shows the closed-loop response of the designed dc bus voltage regulator. It is a 162 
stable loop with infinite gain margin and phase margin of 180

o
 at 0 rads

-1
. 163 

 164 
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Peak amplitude = 0.994 [at 2000 s]

Settling time = 871 s 

Rise time = 489 s [% Rise = 90]

% Overshoot = 0 [% Undershoot = 0]

 171 
Fig. 2.12. DC bus voltage open-loop unit step response 172 

 173 

 174 
(a) Step response in time domain  (b) Bode diagram 175 

Fig. 2.13. Closed-loop response of dc bus voltage regulator in frequency domain 176 
 177 

2.4 Converter Current Management Systems 178 

 179 
2.4.1 Grid-side converter current regulator 180 
 181 
The unit step response of the grid-side converter is shown in Fig. 2.14. Its open-loop transfer function 182 
is provided in (2.11).  183 
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Peak amplitude = 0.488 [at 450 s]

Settling time = 183 s 

Rise time = 103 s [% Rise = 90]

% Overshoot = 0 [% Undershoot = 0]

 184 
Fig. 2.14. Grid-side converter open-loop unit step response 185 
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A PI compensator whose transfer function is presented in (2.12) is designed such that the controller-189 
converter closed loop meets the requirements in Table 1. 190 
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 194 
(a) Step response in time domain  (b) Bode diagram 195 

Fig. 2.15. Closed-loop response of grid-side current regulator in frequency domain 196 
Fig. 2.15 shows the closed-loop response of the designed grid-side converter current regulator. It is a 197 
stable loop with infinite gain margin and phase margin of 180

o
 at 0 rads

-1
. The closed-loop system 198 

meets the required system specifications provided in Table 1. 199 
 200 
2.4.2 Rotor-side converter current regulator 201 
 202 
The unit step response of the rotor-side converter is shown in Fig. 2.16. Its open-loop transfer function 203 
is provided in (2.13).  204 
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Peak amplitude = 1.0 [at 9.0 s]

Settling time = 3.71 s 

Rise time = 2.09 s [% Rise = 90]

% Overshoot = 0 [% Undershoot = 0]

 205 
Fig. 2.16. Rotor-side converter open-loop unit step response 206 
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 210 
(b) Step response in time domain  (b) Bode diagram 211 

Fig. 2.17. Closed-loop response of rotor-side current regulator in frequency domain 212 
 213 
A PI compensator whose transfer function is presented in (2.14) is designed such that the controller-214 
converter closed loop meets the requirements in Table 1. 215 
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Fig. 2.17 shows the closed-loop response of the designed rotor-side converter current regulator. It is a 219 
stable loop with infinite gain margin and phase margin of 180

o
 at 0 rads

-1
.  220 

As shown in Table 2, the closed-loop systems meet the required peak value provided in Table 1.  221 

The percent improvement in peak response ( pA∆% ) is given by (2.15). 222 

 223 
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pc
A  is closed-loop step response and 

po
A  is open-loop step response. 226 

 227 
Table 2. Summary of system response to unit step signal 228 
 229 

 Without regulator With regulator  

Plant 
poA

 
(Peak 
amplitude) 

)(stset  
(Settling 
time) 

)(stris  
(Rise 
time) 

pcA
 

(Peak 
amplitude) 

)(stset  
(Settling 
time) 

)(stris  
(Rise 
time) 

p
A∆%  

(Improvement 
in Ap ) 

Wind 
turbine 

0.169 at 
2.5s 

0.905 0.508 1.0  
at  
2.5s 

1.51 0.748 83.10 

Active 
power 
source 
(generator) 

0.999 at 
6000s 

2260 1270.00 1.0  
at  
14s 

9.55 2.45 0.10 

Capacitive 
reactive 
power 
source 

1.0  
at 0.01s 

0.00411 0.00231 1.0 
at 
0.25s 

0.233 0.0761 0.00 

Grid ac 
voltage 
source 
(generator) 

0.167 at 
1.8s 

0.729 0.41 1.0  
at  
0.025s 

0.022 0.00821 83.33 

DC bus 
voltage 
source 
(Crotor) 

0.994 at 
2000s 

871.00 489.00 1.0  
at  
2000s 

11.12 3.00 0.60 

Grid ac 
current 
source 
(Cgrid) 

0.488 at 
450s 

183.00 103.00s 1.0  
at  
450s 

9.45 2.67 51.20 

Rotor-side 
dc current 
source 
(Crotor) 

1.0 at 
9.0s 

3.71 2.09 1.0  
at  
9.0s 

2.55 1.10 0.00 

 230 
 231 

2.5 Implementation of Control Strategies 232 
 233 
The converter is used for power control. The composite ac-ac converter consists of two converters, 234 
namely, ac-dc (rotor side) and dc-ac (grid side) converters. 235 
 236 
2.5.1 Power and Pitch Control Systems 237 
 238 
The pitch angle is maintained constant at zero degree until the speed reaches point D of the tracking 239 
characteristic. After point D, the pitch angle is proportional to the speed deviation from point D speed. 240 
The control system is shown in Fig. 2.18. 241 
 242 
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 243 
Fig. 2.18. Pitch angle control system 244 
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 245 
The power is controlled so as to follow a pre-defined characteristic, called power-speed characteristic, 246 
as shown in Fig. 2.19. 247 
 248 

 249 
Fig. 2.19. Turbine power characteristics (pitch angle 0=β ) 250 

 251 
2.5.2 Rotor-side Converter Control System 252 
 253 
The rotor-side converter is used to control the wind turbine output power and the voltage (or reactive 254 
power) measured at the grid terminals, as shown in Fig. 2.20. 255 
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. 2.20. Rotor-side converter voltage and reactive power control systems 257 

 258 
2.5.3 Grid-side Converter Control System 259 
 260 
Fig. 2.21 depicts the grid-side converter. The converter is used to inject or absorb reactive power and 261 
to regulate the voltage of the dc bus capacitor.  262 
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 263 
Fig. 2.21. Grid-side converter dc bus voltage and reactive power control systems 264 

 265 

3.0 RESULTS AND DISCUSSIONS 266 
 267 
The generator open-loop unit step response shown in Fig. 2.3 is indicative of a stable system with 268 
poor response. A PI feedback regulator is therefore designed to improve its response while retaining 269 
its stability, as shown in Fig. 2.4.  Fig. 2.5 depicts the closed-loop step response of the active power 270 
regulator in time and frequency domains. Each of the regulators in this report has been designed to 271 
improve the response of its plant while ensuring that the plant remains stable, as shown in Table 2.   272 
The wind energy captured by the wind turbine is converted into electrical power by the induction 273 
generator. The generated power is wheeled to the grid via the stator and rotor windings. In order to 274 
control the wind turbine mechanical power, the designed pitch angle control system generates the 275 
pitch angle command (Fig. 2.18) to control the turbine blade. The power is controlled to follow a 276 
predefined power-speed characteristic, called tracking characteristic. The power-speed characteristic 277 
used is depicted in Fig. 2.19. It shows the tracking characteristic (ABCD) superimposed on the 278 
mechanical power characteristics of the turbine at different wind speeds. For the power control loop 279 
(Fig. 2.20), the actual speed of the turbine 

r
ω is measured and the corresponding mechanical power 280 

of the tracking characteristic is computed and used as reference power. The error obtained from the 281 
reference power (Pref), measured power (P) and power losses (PL) is used to generate the rotor-side 282 
converter voltage command. The governing control strategy is exclusively PV or PQ control and it is 283 
determined by the position of switch SW shown in the figure. When SW is in position 1, PV control is 284 
selected. When in position 2, PQ control prevails. 285 
The AC/DC/AC converter has been realized in two stages: the rotor-side converter (Crotor) and the 286 
grid-side converter (Cgrid). Crotor and Cgrid are Voltage-Sourced Converers which use forced-287 
commutated power electronic devices (IGBTs) for voltage synthesis. A capacitor is linked to the dc 288 
bus to serve as dc voltage source. Cgrid is integrated to the grid via a coupling inductor. The 289 
capacitance of the capacitor and the inductance of the inductor are realized from the design of 290 
converter voltage and current regulators, respectively. In order to control the dc bus voltage and the 291 
reactive power (or the voltage) at the grid terminals, the rotor-side converter control system generates 292 
the voltage command Vrc (Fig. 2.20) to control Crotor, while the grid-side converter control system 293 
generates the voltage command Vgc (Fig. 2.21) to control Cgrid. 294 
 295 

CONCLUSION 296 
 297 
In this work, requisite controllers for the plants in an ac microgrid have been designed using closed-298 
loop feedback topology. The controllers consist of active power management systems, reactive power 299 
management system, voltage management systems and converter current management systems. 300 
The regulators have been combined to implement two mutually exclusive control regimes: the active 301 
power-voltage (PV) control and the active-reactive power (PQ) control and presented in this work. The 302 
small-signal responses of the systems have also been investigated and articulated. The percent 303 
improvement in the peak step responses of the plants as a result of the designed regulators has also 304 
been presented. Consequently, design of reactive power and voltage controllers for converter-305 
interfaced ac microgrid has been realized. 306 
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