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Abstract: The fast development of distributed generations enables the microgrid a popular solution
for the construction of the modern power grid, where the control behaviors of power electronics
converters play a crucial role. Under this scenario, the emulation of microgrid control behaviors is
becoming an emerging need for the testing and teaching of the AC microgrid. However, conventional
approaches, such as the dynamic simulation test and the Power-Hardware-In-Loop, are still costly or
bulky to flexibly recreate the correct characteristics of microgrid including different layers of controls
and the interactions among multiple converters. The dynamic simulation test is bulky and costly to
emulate various types of control behaviors since all physical components in the test system may need
to be adjusted. The high cost of Power-Hardware-In-Loop is mainly caused by the high-performance
real-time simulator and power amplifier. In this paper, a novel emulation system is proposed for
the testing of the AC microgrid. A low-cost circuit configuration, which includes two face-to-face
connected DC–AC converters and some passive loads, is introduced with the possibility of flexibly
emulating most of the typical control schemes in an AC microgrid. In addition, a user interface for
the real-time operation and measurement of the hardware platform is introduced on a host computer
to further facilitate the testing process. Finally, various control schemes in microgrids, including the
voltage control, current control, droop control, and secondary control, are validated in the experiment
setup based on the proposed emulation approach.

Keywords: emulation; microgrid; control schemes; testing; teaching

1. Introduction

In recent years, the penetration of distributed generations (DG) in the power grid
keeps increasing dramatically. The microgrid has been proposed to integrate a number
of DGs and loads on a more autonomous and smaller scale, where power electronic
converters are adopted to manage the energy flows among the DGs and the loads [1–5].
The control schemes of converters are critical to the operation of the microgrid [6–9];
therefore, recreating the control behaviors in the AC microgrid is becoming essential for
the testing, as well as teaching activities in this field.

There are various types of control schemes in the converters inside the microgrid.
First, proper and basic control is required for the individual converter to regulate the
output voltage or current [10–12]. Second, the coordination controls, such as power sharing,
frequency stabilization, and bus voltage regulation, are achieved by the higher level of
control methods considering multiple converters [13,14]. Control systems of both the
individual converter and multiple converters should be covered in order to enable the
systematic testing and validation for microgrids.

The offline simulation is a common approach for the recreation of microgrid be-
haviors, and it can be achieved through various simulation software, such as MATLAB,
PLECS, PSCAD, etc., and the configurations of microgrid are flexible to be modified and
extended [15–18]. The Controller-Hardware-In-the-Loop (CHIL) is also a common method
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used for the emulation of microgrids [19]. Compared with the offline simulation test, the
actual controller of a converter in microgrids is adopted in CHIL for a more realistic test.
However, there are still differences between the actual power microgrid and the microgrid
in the simulation. The lack of actual converters makes the offline simulation incapable of
testing the actual controllers and loads under the actual power level.

In order to recreate more physical behaviors of microgrid controls, different types of
laboratory-scale microgrids have been built, known as dynamic simulation test systems.
Down-scale solar arrays, battery banks, converters, transformers, and loads are actually
constructed to demonstrate the experiments under both the grid-connected mode and
islanding mode of the microgrid [19]. In addition, multiple converters adopting droop
controls have been built for the control tests in the microgrids [20–22]. However, these
dynamic simulation systems have several drawbacks: 1. It is inflexible and difficult to
expand/modify the control structure recreated by the down-scaled microgrid system; 2. A
high number of actual components is required in the case of the complex configuration of
the microgrid. The bulky and costly building of the dynamic simulation system makes it
unsuitable for the testing and teaching of the microgrid with variable circuit configurations
and control structures.

To achieve more flexible testing, the Power-Hardware-In-Loop (PHIL) approach has
been introduced. Only a small number of converters need to be implemented in the
PHIL-based experimental system, and the rest of the microgrid features can be recreated
in a real-time simulator. In this approach, the configuration and control methods of the
microgrid are flexible to be adjusted, and thus, the testing and validation for the complex-
structured microgrid can be achieved [23–26]. However, the high cost of the real-time
simulator and power interface in PHIL makes it difficult to increase the number of PHIL
systems. Therefore, the extensive application of PHIL to the testing and teaching system is
hard to be achieved.

In this paper, a novel emulation approach of microgrids is proposed for the testing
and teaching of typical control schemes in AC microgrids, achieving both flexibility and
low cost. The low cost of emulation is achieved by only including two converters and
passive loads. A voltage-controlled converter and a current-controlled converter are used
to emulate the typical voltage behaviors and current behaviors in a microgrid, respectively.
In addition, the passive loads are included to emulate the behaviors related to passive
loads. A generalized control scheme, including multiple control schemes for the dual
converters in a microgrid is proposed to flexibly emulate and modify the typical control
behaviors in the AC microgrid. By manipulating the proposed emulation system, the
typical control schemes, including the common controls for the individual converter and
multiple converters, can be correctly recreated with actual loading in the converters.

2. Typical Control Behaviors to Be Emulated in AC Microgrid

Since various types of control schemes can be implemented in the converters of the
microgrid, the testing system should be able to recreate the behaviors related to the control
schemes in the microgrid. The typical control schemes in the microgrid can be used for the
control of an individual converter or the cooperation of multiple converters. More details
of these two types of control schemes are summarized in Figure 1.

The control schemes in Part 1 are used to regulate the behaviors of the individual
converter. The first type of control scheme for the individual converter is voltage control. The
LC filter is adopted to regulate the output voltage of the converter, and the voltage control
system is designed based on the model of the adopted filter. Then, the parameters of the
controller need to be calculated. The second type of control scheme in Part 1 is the current
control with the adopted L/LCL filter. The current control system and the parameters of
the controller can be designed based on the model of the L/LCL filter. In addition, Part 2 is
used for the testing of different coordination strategies of multiple converters. First, the
master-slave control is used in the paralleled configuration of a single voltage-controlled
converter and multiple current-controlled converters. Second, another coordination strategy,
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namely hierarchical control, is adopted for the multiple voltage-controlled converters. The
hierarchical control is a complex control construct of the microgrid. Since the proposed
emulation approach is also used for teaching, only the commonly seen control schemes, i.e.,
the droop control and the secondary control, are focused.
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Figure 1. The knowledge coverage of testing and teaching for microgrid controls. VCC: voltage-
controlled converter, CCC: current-controlled converter.

To recreate the behaviors of the above-mentioned control schemes in microgrid, an
emulation approach to the microgrid is required. The requirements for the emulation
approach are given as follows:

(1) Actual converters of the microgrid should be included to enable the testing of the
actual controller and actual loading under actual power level;

(2) The behaviors of different control schemes can be recreated flexibly and modified easily;
(3) The cost needs to be relatively low to achieve the large application for testing and teaching.

3. Configuration of Proposed Testing Method for Microgrid

To meet all requirements for the testing and teaching of microgrid controls, a converter-
based emulation approach is proposed in this paper. Only converters and passive load are
implemented in the proposed emulation approach achieving the capability of low cost. In
addition, the actual converters enable the testing of actual controllers and loads. To emulate
the control behaviors shown in Figure 1, different control schemes are implemented in the
different converters.

3.1. Circuit Configuration of the Proposed Platform

As shown in Figure 1, all the control schemes are achieved based on the voltage control
schemes and the current control schemes. Therefore, to recreate all control behaviors in
Figure 1, an emulation approach is proposed and the configuration is shown in Figure 2. The
proposed emulation approach is composed of several experiment platforms, and the power
circuits of all experiment platforms are the same. Each experiment platform is composed
of a voltage-controlled converter, a current-controlled converter, and passive loads. Every
experiment platform interfaces with other components through the DC port and AC port.
The DC port is used for the power supply, and thus, is connected to the DC source. The
AC port can be connected to other experiment platforms for the test of microgrids with
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more complex configurations. The LC filter is adopted to regulate the output voltage of the
voltage-controlled converter, and the LCL filter is adopted to regulate the output current of
the current-controlled converter. Since both the PCC voltage and PCC current are related to
the control behaviors in a microgrid, two converters are face-to-face connected to regulate
the AC voltage and AC current simultaneously. The passive load is a common type of load
in the microgrid, and thus, the actual passive loads are also used to recreate the control
behaviors related to the passive loads. These two converters are powered by a common
DC source. Since the power is circulated between two converters, only the power losses of
the converters and the passive load need to be supplied by the DC source.
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Figure 2. Power circuit of the proposed emulation approach.

To further increase the number of experimental platforms and save the power supply
cost, serval experimental platforms can be powered by a single DC source, as shown in
Figure 2. In order to limit the power flow from one experimental platform into another,
a diode is placed between the DC power source and each experimental platform. In this
case, other microgrids, which may be composed of several converters with different control
schemes, can be tested by adopting multiple platforms. Several voltage-controlled convert-
ers and current-controlled converters are included in the proposed emulation approach,
and different control schemes can be implemented in these converters to emulate different
control behaviors in other MV or LV microgrids. The number of experiment platforms
and the control schemes can be selected based on the emulated MV or LV microgrid. It is
noticed that the line impedance is an important component in the microgrid with a complex
configuration, but no actual line impedance is included in the proposed emulation ap-
proach. In order to emulate the line impedance, the virtual impedance control schemes can
be implemented in the voltage-controlled converters and the current-controlled converters.

3.2. Control Schemes in the Dual Converters

As shown in Figure 3, two controllers, which include a number of optional control
schemes, are adopted for the voltage-controlled converter and the current-controlled con-
verter. On one hand, when the control schemes in the current-controlled converter are
under test, the voltage-controlled converter is used to emulate the voltage in the microgrid.
On the other hand, the current-controlled converter needs to emulate the active load in
order to test the control schemes in the voltage-controlled converter under different loads.
Therefore, the different control schemes can be tested by selecting different control systems
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in different converters. Different types of control schemes can run or stop by selecting the
switches, which enables an easy and intuitive comparison among different control schemes.
The voltage controller is adopted in the voltage-controlled converter. The switch S1 selects
the closed-loop voltage control or open-loop voltage control to regulate the output voltage,
and the comparison between closed-loop voltage control and open-loop voltage control
can be achieved. The voltage reference of the closed-loop voltage control schemes can be
a constant reference or a variable reference generated by the droop control based on the
switch S2. The effect of the droop control on the amplitude and frequency of the voltage
can be observed by selecting S2. Since the voltage reference generated by the droop control
may vary from the given voltage in the industry standard, the secondary control system
can be adopted to eliminate these deviations. The secondary control system can be enabled
through switch S3, and generates the compensation of voltage amplitude and frequency for
the droop control. Therefore, the principle of the secondary control system can be validated
by selecting the S3.
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As shown in Figure 3, the current controller is adopted in the current-controlled
converter. Three types of current control schemes are needed for testing and teaching,
namely, the dq-axis current control, the dq0-axis current control, and the master-slave
control. Either the dq-axis current control or the dq0-axis current control should be adopted
in the current-controlled converter to regulate the output current, and the selection is based
on the switch S4. Therefore, adjusting the S4 enables the validation of the 0-axis current
controller. The references of the current control can be either a constant reference or the
reference generated from the master-slave control based on the switch S5. The master-slave
control is used to ensure the constant output power of the voltage-controlled converter by
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adjusting the references of the current-controlled converter. The power-sharing between
different control schemes can be compared by changing the S5.

Based on the adopted control schemes in the two converters, the control behaviors
included in Figure 1 can be covered by selecting different control schemes. First, the control
behaviors in Part 1 can be recreated by selecting the closed-loop voltage control with a
constant reference or the current control with a constant reference in the two converters.
Second, the cooperation control behaviors in Part 2 can be emulated by adopting corre-
sponding control schemes in the two converters. The master-slave control behaviors can
be recreated by adopting only the closed-loop voltage control in the voltage-controlled
converter and adopting the master-slave control in the current-controlled converter. The
power-sharing of two converters under different passive loads is used to validate the
principle of the master-slave control. The hierarchical control behaviors can be emulated by
selecting only the current control in the current-controlled converter and selecting the droop
control and secondary control in the voltage-controlled converter. The current-controlled
converter can be considered a constant power load in this case. Therefore, the control
behaviors of the hierarchical control under different power loads can be validated and
compared easily.

Furthermore, the more complex control behaviors in the microgrids can be recreated
flexibly by the proposed emulation approach. The low-voltage ride-through behaviors can
be recreated by adopting the voltage sag emulation in the voltage-controlled converters.
The economic dispatch among multiple droop-controlled converters can be achieved by
the parallel-connected experimental platform with multiple droop-controlled converters.

3.3. User Interface of the Host Computer

The voltage-controlled converter and current-controlled converter are controlled by
two separate digital controllers in the experimental platform. A user interface is designed
in the host computer to select the control schemes and change the parameters by com-
municating with the digital controllers. In addition, various types of voltage and current
need to be measured for display. Thereby, the user interface is also required to display the
measured voltage and current for easy operation.

The configuration of the user interface is shown in Figure 4, the control schemes and
parameters of the control schemes can be flexibly adjusted. The user interface communicates
with two controllers and receives the signals in measurement. Two types of signals, i.e.,
the mode of switches and parameter groups, are transmitted from the host computer to
the two controllers. The switches S1, S2, and S3 are transmitted into the voltage controller
of the voltage-controlled converter to select the control schemes. All parameters of the
open-loop voltage control and the closed-loop voltage control are included in the parameter
group G1. The parameter group G2 comprises all parameters of the droop control and
secondary control. The selection of S4 and S5 is sent from the user interface into the current
controller of the current-controlled converter. All parameters of control schemes in the
current-controlled converter are included in the parameter group G3. All types of sampled
voltage and current can be displayed in the user interface. In addition, signal processing is
adopted for the additional mathematical calculation of sampled voltage and current, and
the results can be displayed in the interface as well.

The actual user interface is developed based on LabVIEW, and is shown in Figure 5.
Two types of processes can be tested in the proposed platform by using the user interface.
First, the impact of different control schemes on the voltage and current can be tested.
The user interface is shown below. Different control schemes can be switched by selecting
switches S1–S5. Different types of voltage and current can be displayed in the display
interface. Second, the impact of different parameters on the voltage and current can be
tested. Different parameters of control schemes can be set by inputting the number in
parameter groups G1–G3.
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4. Experimental Validation

To validate the proposed emulation approach, different control behaviors should be
recreated. Therefore, different types of control schemes shown in Figure 1 are implemented
in the two converters.

The proposed experimental platform is shown in Figure 6; all components of
two converters are placed in an enclosed case. The communication interfaces are
placed in front of the enclosed case to communicate with the host computer for real-
time operation. The electric interfaces are placed in the back of the enclosed case to
connect with the DC power source and the passive load. To ensure stable operation,
the parameters of the proposed experimental platform are designed due to [26,27], and
are shown in Table 1.
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Table 1. Parameters of the experimental platform.

Converter System Parameter Value

Voltage-Controlled Converter

DC voltage 750 V

Switching frequency 16 kHz

Sampling frequency 16 kHz

Rated peak AC voltage 311 V

Inductance of LC filter 1.1 mH

Capacitance of LC filter 30 µF

Current-Controlled Converter

DC voltage 400 V

Switching frequency 16 kHz

Sampling frequency 16 kHz

Rated peak AC current 20 A

Converter-side inductance of LCL filter 0.8 mH

Capacitance of LCL filter 20 µF

Grid-side inductance of LCL filter 0.8 mH
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4.1. Voltage Control

The parameters of voltage control are critical elements affecting the stability of the
voltage-controlled converter, and such an impact can be validated in the proposed em-
ulation approach. Due to the face-to-face configuration of two converters, the current-
controlled converter may affect the stability of this system [26]. Therefore, the current-
controlled converter is stopped in the validation of voltage control. The parameters of
droop control also elements that may distort the stability behaviors [28]. The droop control
is inactive to focus on the impact caused by the parameters of voltage control.

The typical dual-loop voltage control scheme is adopted in the voltage-controlled
converter, and the PI controllers are used as the voltage controller and current controller
in the typical dual-loop voltage control scheme. The stability of the voltage-controlled
converter is affected by the parameters of the voltage controller, and the parameters are
shown in Table 2.

Table 2. Parameters of the dual-loop voltage control scheme.

Group Coefficients Parameters

The stable

Proportion coefficient of voltage controller 0.05
Integral coefficient of voltage controller 7

Proportion coefficient of current controller 8
Integral coefficient of current controller 2765

The unstable

Proportion coefficient of voltage controller 0.15
Integral coefficient of voltage controller 10

Proportion coefficient of current controller 8
Integral coefficient of current controller 2765

It is known that increasing the proportion coefficient of the voltage controller will
increase the bandwidth of the voltage control but decrease the stability margin. The
bode diagram is shown in Figure 7. When the first group of parameters is used, the
crossover frequency is 918 Hz and the phase margin is 38 degrees. Therefore, the voltage-
controlled converter is stable by adopting the first group of parameters. When the
second group of parameters is used, the crossover frequency is 2300 Hz and the phase
margin is −68 degrees. Therefore, the voltage-controlled converter is unstable by adopting
the second group of parameters.

Energies 2023, 16, x FOR PEER REVIEW 10 of 16 
 

 

The unstable 

Proportion coefficient of voltage controller 0.15 

Integral coefficient of voltage controller 10 

Proportion coefficient of current controller 8 

Integral coefficient of current controller 2765 

It is known that increasing the proportion coefficient of the voltage controller will 

increase the bandwidth of the voltage control but decrease the stability margin. The bode 

diagram is shown in Figure 7. When the first group of parameters is used, the crossover 

frequency is 918 Hz and the phase margin is 38 degrees. Therefore, the voltage-controlled 

converter is stable by adopting the first group of parameters. When the second group of 

parameters is used, the crossover frequency is 2300 Hz and the phase margin is −68 de-

grees. Therefore, the voltage-controlled converter is unstable by adopting the second 

group of parameters. 

50

0

–50

–180

–270

20

0

–20

–180

–450

40

–90

PM=38 °

918 Hz

PM= –68 °

2300 Hz

–40

–360

10
2

10
3

10
4

10
3

Frequency (Hz) Frequency (Hz)

M
a
g
 (

d
B

)
P

h
a
se

 (
°)

M
a
g
 (

d
B

)
P

h
a
se

 (
°)

(a) Stable parameters (b) Unstable parameters  

Figure 7. The bode diagram of the open-loop transfer function of the voltage control system. 

The PCC voltage in the proposed experimental platform is shown in Figure 8. It is 

shown that the system is stable at first. Then, the bandwidth of voltage control has in-

creased by increasing the parameters of the voltage controller. It is shown that the system 

becomes unstable when the bandwidth of voltage control increases. 

v g
_

v 
(V

)

time(s)

400

300

200

100

0

–400

–300

–200

–100

0 0.03 0.06 0.09

Lower bandwidth 
of voltage control

Higher bandwidth 
of voltage control

 

Figure 8. The closed-loop voltage control under the unstable region when vdref is 311 V. 

4.2. Current Control 

The current control is another control scheme of an individual converter that can be 

testing and teaching in the proposed experimental platform. Due to the common DC 

power supply of voltage-controlled converter and the current-controlled converter, there 

Figure 7. The bode diagram of the open-loop transfer function of the voltage control system.

The PCC voltage in the proposed experimental platform is shown in Figure 8. It
is shown that the system is stable at first. Then, the bandwidth of voltage control has
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increased by increasing the parameters of the voltage controller. It is shown that the system
becomes unstable when the bandwidth of voltage control increases.
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4.2. Current Control

The current control is another control scheme of an individual converter that can be
testing and teaching in the proposed experimental platform. Due to the common DC power
supply of voltage-controlled converter and the current-controlled converter, there may be
0-axis current in the output current of the current-controlled converter. Therefore, the 0-axis
current controller has a significant impact on the output current of the current-controlled
converter, and such an impact can be validated in the proposed experimental platform. In this
testing system, the PCC voltage needs to be regulated by the voltage-controlled converter.

First, the 0-axis current control is inactivated in the current-controlled converter, and
the output current of the current-controlled converter is shown in Figure 9a, where the
0-axis current is obvious. Second, the dq0-axis current control is adopted for the control
scheme in the current-controlled converter, and the output current of the current-controlled
converter is shown in Figure 9b. It is shown that there is little 0- axis current due to the
0-axis current controller.
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4.3. Master-Slave Control

The master-slave control can be used for teaching and testing in the proposed ex-
perimental platform by the operation of the current-controlled converter and the passive
load. The closed-loop voltage control scheme with constant reference is implemented
in the voltage-controlled converter to regulate the PCC voltage. The master-slave con-
trol is implemented in the current-controlled converter to keep the output power of the
voltage-controlled converter constant no matter what the passive load is.

The resistive load is disconnected to converters at first and then connected to the con-
verters. The output current of the voltage-controlled converter and the current-controlled
converter are shown in Figure 10a,b, respectively. It is shown that the d-axis current of the
current-controlled converter increases when the passive load is connected. On the contrary,
the output current of the voltage-controlled converter keeps constant when the passive
load is connected and disconnected. Therefore, the output power of the voltage-controlled
converter keeps constant due to the master-slave control.

Energies 2023, 16, x FOR PEER REVIEW 12 of 16 
 

 

time(s)

40

30

20

10

0

–30

–20

–10

0 0.1 0.2 0.3

i c
_v

 (
A

)

50

–50

–40

Disconnected Load Connected Load

d-axis current

q-axis current

 time(s)

40

30

20

10

0

–30

–20

–10

0 0.1 0.2 0.3

i g
_

i 
(A

)

50

–50

–40

Disconnected Load Connected Load

d-axis current

q-axis current

 
(a) Converter-side current of voltage-controlled converter (b) Grid-side current of current-controlled converter 

Figure 10. The output current of two converters under master-slave control (load is 150 Ω). (a) Con-

verter-side current of voltage-controlled converter; (b) Grid-side current of current-controlled con-

verter. 

4.4. Hierarchical Control 

The testing and teaching of hierarchical control can be achieved by adjusting the con-

trol schemes in the voltage-controlled converter. The current-controlled converter is con-

sidered a constant power load in this type of testing and teaching. The active power can 

be regulated by adjusting the d-axis current reference and the reactive power can be reg-

ulated by adjusting the q-axis current reference. 

First, only the droop control is implemented in the voltage-controlled converter. The 

d-axis current reference of the current-controlled converter is set as 20 A to validate the P-

f behaviors. The frequency of the output voltage is shown in Figure 11a. It is shown that 

the decreasing active power results in the increased frequency of voltage. The q-axis cur-

rent reference of the current-controlled converter is set as 20 A to validate the Q-V behav-

iors. The amplitude of output voltage is shown in Figure 11b. The increasing reactive 

power results in the decreasing amplitude of the voltage. 

time(s)

60

40

20

0

–60

–40

–20

0 0.03 0.06 0.09 0.12

f g
_

v 
(H

z
)

Frequency：57 Hz

 

v
g_

v 
(V

)

time(s)

500

400

300

200

100

0

–400

–300

–200

–100

0 0.03 0.06 0.09

Amplitude: 270 V

0.12
–500

 
(a) Voltage frequency(idref = 20 A) (b) Voltage amplitude (iqref = 20 A) 

Figure 11. The frequency and amplitude of output voltage under droop control (f0 = 50 Hz, V0 = 300 

V). (a) Voltage frequency (idref = 20 A); (b) Voltage amplitude (iqref = 20 A). 

Second, the secondary control is implemented in the voltage-controlled converter to 

eliminate the error of frequency and amplitude of voltage caused by the droop control. 

The frequency of voltage under the secondary control is shown in Figure 12a and is equal 

to the given frequency due to the compensation generated by the secondary control. The 

amplitude of voltage under the secondary control is shown in Figure 12b and is equal to 

the given amplitude due to the compensation generated by the secondary control. 
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(a) Converter-side current of voltage-controlled converter; (b) Grid-side current of current-
controlled converter.

4.4. Hierarchical Control

The testing and teaching of hierarchical control can be achieved by adjusting the
control schemes in the voltage-controlled converter. The current-controlled converter is
considered a constant power load in this type of testing and teaching. The active power
can be regulated by adjusting the d-axis current reference and the reactive power can be
regulated by adjusting the q-axis current reference.

First, only the droop control is implemented in the voltage-controlled converter. The
d-axis current reference of the current-controlled converter is set as 20 A to validate the P-f
behaviors. The frequency of the output voltage is shown in Figure 11a. It is shown that the
decreasing active power results in the increased frequency of voltage. The q-axis current
reference of the current-controlled converter is set as 20 A to validate the Q-V behaviors.
The amplitude of output voltage is shown in Figure 11b. The increasing reactive power
results in the decreasing amplitude of the voltage.

Second, the secondary control is implemented in the voltage-controlled converter to
eliminate the error of frequency and amplitude of voltage caused by the droop control.
The frequency of voltage under the secondary control is shown in Figure 12a and is equal
to the given frequency due to the compensation generated by the secondary control. The
amplitude of voltage under the secondary control is shown in Figure 12b and is equal to
the given amplitude due to the compensation generated by the secondary control.
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5. Discussions

The above findings demonstrate that the proposed emulation approach can achieve
flexible and low-cost testing compared with the conventional emulation approaches. The
comparison in three aspects, i.e., containing actual converters, the flexibility of testing
different control schemes, and the cost, should be discussed. First, whether the emulation
approaches contain actual converters needs to be discussed. The actual converters are
implemented in the dynamic simulation test, PHIL, and the proposed emulation approach,
but are not included in the offline simulation and CHIL. The actual converters enable the
test related to the actual load and actual passive loads. Second, testing different control
schemes can be achieved by different methods in different emulation approaches. In the
offline simulation, different control schemes can be tested by adjusting the simulation
model, and thus, it is the most flexible testing of different control schemes in microgrids.
Compared with the offline simulation, the additional actual controller is required as the
device under test. Therefore, both the model in simulation and the actual controller are
required to be adjusted in the CHIL. Due to the physical components in the dynamic
simulation test, different control schemes testing may require all the physical components
to be reset. It makes the dynamic simulation test the hardest approach to testing different
control schemes. The PHIL and proposed approach can test different control schemes



Energies 2023, 16, 1905 13 of 15

by modifying the model in the real-time simulator of PHIL, or the user interface of the
proposed approach. Thereby, the flexibility of testing by PHIL and the proposed approach is
higher than the dynamic simulation by lower than the offline simulation and CHIL. Finally,
the cost of all approaches needs to be taken into account. The offline simulation Is the
cheapest approach due it only requiring computers. The CHIL is a little expensive due to
the additional actual controllers. The dynamic simulation test is high-cost since all physical
components are needed, and the cost increases with the configuration of the microgrid.
The PHIL is also a high-cost approach. In order to achieve the real-time simulation of the
microgrid, the high-performance real-time simulator, which is very expensive, is needed in
PHIL. In addition, high-performance power amplifiers are used to accurately and rapidly
amplify the reference generated by PHIL. The proposed approach is composed of converters
and passive loads. On one hand, due to the limited number of converters, the proposed
approach is more low-cost than the dynamic simulation test. On the other hand, the high-
price components in PHIL, such as real-time simulators and power amplifiers, are not
needed in the proposed approach. In this case, the cost of the proposed approach is lower
than that of PHIL and the dynamic simulation test, but higher than that of CHIL and offline
simulation. The summary is shown in Table 3.

Table 3. Comparisons of different concepts for testing microgrid controls.

Characteristics
Concept Offline

Simulation CHIL Dynamic
Simulation Test PHIL Proposed

Approach

If contain actual converters No No Yes Yes Yes

Testing different
control schemes

Components to
be adjusted

Model in
simulation

Model in
simulation,

actual controller
Physical

components
Model in the

real-time
simulator

Model in the
user interface

Ranking Easiest Easer Hard Medium Medium

Cost
High-price

components Computers Computers,
actual controller

Physical
components

Real-time
simulator,

power amplifier
Actual converters,

passive loads

Ranking Lowest Lower High High Medium

The proposed emulation approach is also applicable to teaching. In order to improve
the teaching quality and effect, this approach has undergone several rounds of updates
based on the feedback from the students. During the four-year teaching process, most
students managed to grasp a systematic knowledge framework of the microgrid. According
to the comments from students, most of the students were satisfied with the teaching
method and the teacher-student interaction during the teaching process.

However, there are still some limits to the proposed approach. First, only the
fundamental-frequency characteristics are focused on in the proposed approach due to
the limited bandwidth of the two converters in the experiment platform. Second, the
limited number of converters restricts the flexible expansion of the configuration of the
microgrid. Third, communication is an important component in microgrids and has
significant impacts on control behaviors, but it is not focused on in this paper.

6. Conclusions

An emulation approach is proposed in this paper for the flexible and low-cost testing
and teaching of AC microgrid control behaviors. The low-cost power circuit of the proposed
experiment platform only includes two converters and passive loads. The actual converters
enable the testing of actual controllers and actual loads. A voltage-controlled converter and
a current-controlled converter are adopted to emulate the voltage behaviors and current
behaviors, respectively. Therefore, the emulation of a complex-configuration microgrid
can be achieved by the parallel connection of multiple experiment platforms and different
control schemes in the converters of different platforms. In this case, the typical control
schemes in a microgrid, including voltage control, current control, master-slave control,
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and hierarchical control, are flexibly validated in a proposed platform. In addition, a user
interface is used for easy operation.

Based on the proposed power circuit of the parallel-connected experiment platforms,
the proposed emulation approach can be used to test the control system in a complex-
configuration microgrid. However, the control systems in multiple converters need further
research to recreate the more complex control behaviors.
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