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Abstract— To overcome the limitations of digital simulation
(numerical oscillation, limited computing capability of processors,
etc.), a converter-based hardware test-bed was developed at
CURENT for real-time power grid emulation. However,
distribution systems especially microgrids cannot be emulated and
tested on the existing hardware test-bed. This paper develops a
microgrid test-bed based on the existing hardware test-bed to
enable controller testing for microgrids with dynamic boundary.
The design and realization of the microgrid hardware test-bed are
introduced. The experimental results of the microgrid controller
tests are also provided.
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I. INTRODUCTION

Since power converters can emulate different power grid
components, a DC-link shared, down-scaled, converter based
emulation system called hardware test-bed (HTB) has been built
at Center for Ultra-Wide-Area Resilient Electric Energy
Transmission Networks (CURENT) for electric power system
tests [1]. HTB is a power hardware emulation platform with
several advantages. First, compared with pure digital
simulations or hardware in-the-loop (HIL) tests, HTB is a
physical platform that takes into consideration more practical
issues such as measurement errors, communication time delays,
actual power flow, etc., without requiring extra computational
resources. Numerical oscillations caused by the discontinuities
or interpolation in digital simulation can also be avoided in HTB
testing. In addition, compared with actual systems, HTB can be
easily adapted for emulation of systems with various topologies.

HTB has demonstrated its capability of transmission level
emulation in several application cases. A voltage stability
assessment method and a control strategy for transmission
system have been tested on HTB in [2]. In references [3] and [4],
HTB is used to test a measurement-driven oscillation damping
control in transmission systems. However, the HTB is not
capable of emulating distribution systems, especially
microgrids. In order to realize microgrid tests, further
development is needed on the existing HTB.

Microgrids are composed of diverse components including
generators, loads, distributed energy resources (DERs), etc. In
digital simulations, in order to get an accurate model for each
component, several critical and practical factors (delays,
measurement errors, non-linearity, etc.) should be taken into
consideration. If all the practical factors were considered for all
the components in microgrids, the models would become
extremely complex and cause heavy computational burden.
Therefore, to improve computational -efficiency without
compromising test accuracy, hardware emulation is a commonly
used method in microgrid tests [5-7]. Reference [5] applied
power hardware in-the-loop (PHIL) test on a microgrid with
complex communication network. Reference [6] did the PHIL
microgrid test for real hardware response. Reference [7] tested a
microgrid reconnection control strategy on a hardware
emulation platform with large distribution generator emulators.
Hardware emulation and test serve an important role in the
development of microgrids, especially, with complex
configurations. DC-link shared HTB is a converter-based
hardware emulation platform. It is able to emulate the whole grid
with low active power requirement, and is flexible to emulate
different topologies. Therefore, developing this test-bed can
facilitate potential tests for other microgrids, especially the ones
that require the capability of topology variations.

In this paper, a converter based microgrid HTB is developed.
The microgrid in [8] is used as an example to realize the
microgrid test in HTB. The microgrid in [8] is able to operate
with dynamic boundary and will be implemented in the field.
Functions of the microgrid controller have been tested and
debugged with the proposed microgrid test-bed.

The structure of this paper is organized as follows: Section
II introduces the existing HTB, followed by Section III, which
describes the microgrid HTB development. The controller test
design and results on HTB are given in Section IV. Section V
concludes the paper.



II. EXISTING HTB IMPLEMENTATION
A. HTB Converter Emulation

Output

filter

PO

I T H
DC-link 4 L] i Vane

[P, i dae

! I

[

Gate
signals

Converter

output V/I

| Converter control

Reference
via

Grid component models
(Generator, load , PV, battery ***)

Fig. 1. Converter emulation structure

In the existing HTB, converters are applied as the emulators
to emulate different grid components. The converter emulation
structure is shown in Fig. 1 [9]. Each converter emulates the
electrical characteristics of one grid component. Converter
voltage/current references are calculated by the grid component
models. The calculated references are tracked by the converter
controllers. In the existing HTB, different grid components have
been emulated, including generators [10], PVs [11], induction
motor loads [12], batteries [13], etc.
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Fig. 2. HTB Structure [9]

B. HTB Hardware Structure

Converter emulators in the HTB have a paralleled
connection structure which is shown in Fig. 2. All the converters
share the same DC-link and different grid topologies are realized
by different AC-link connections. AC lines are modelled by
series inductance and resistance and emulated by inductors [14].
Due to the parallel structure, the real power circulates among
converters and the platform requires low power from the grid.
Meanwhile, the circulating zero-sequence current issues caused
by the parallel structure have been solved in [15].

C. HTB Control Architecture

The control architecture of CURENT’s HTB is shown in Fig.
3. Converter emulators are controlled using CompactRIOs

(cRIOs) from National Instruments. The cRIOs are programmed
and controlled by the desktops. Operation commands are issued
by desktops to cRIOs. cRIOs send the commands to the
converter controllers (DSP) to calculate references and obtain
the AC link terminal measurements. These terminal
measurements are sent from cRIOs to the desktops on a
visualization wall (a 3 X 5 array of displays).
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Fig. 3. HTB control architecture

III. MICROGRID HTB DEVELOPMENT

A. Microgrid HTB Test Design

1) Microgrid topology

The topology of the microgrid discussed in [8] is used for
microgrid HTB development. It comes from an actual 12.8 kV,
1 MW radial system. In the HTB test, the microgrid topology
in [8] is simplified to seven loads, two grid interfaces, one PV
and one battery. The topology is shown in Fig. 4. The
distribution line is modeled as a series resistance and
inductance. This microgrid has a dynamic boundary. Dynamic
boundary is the capability that enables the microgrid to pick up
or shed load when the DER generation and/or storage outputs
change so that the microgrid boundary can be expanded or
shrunk. The boundary change is shown in Fig. 4.
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2) Microgrid control architecture

The control architecture of the microgrid is also introduced
in [8], which is shown in Fig. 5. The microgrid central
controller communicates with the SCADA systems to control
the local controllers as well as the smart switches. Several
functions which enable the dynamic boundary capability have
been implemented in the microgrid central controller, including
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Fig. 5. Microgrid control architecture



online topology assessment, active/reactive power balance,
synchronization, etc. The detailed description of these functions
are stated in [8].

3) Microgrid controller HTB test architecture design

The controllers discussed in [8] are implemented in the
cRIOs. Based on the existing HTB architecture, an actual
microgrid controller in-the-loop test is designed. The
architecture is shown in Fig. 6.

The loads and DERs in the microgrid are emulated by
converters. Load emulators are directly controlled by the
microgrid control panel through the HTB control desktops. The
DER emulators are controlled by the microgrid local
controllers. The microgrid boundary controller controls the
smart switch emulators and gets the measurements from the
microgrid. The local controllers and boundary controller are
interact with the microgrid central controller.
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Fig. 6. Microgrid controller in-the-loop test architecture

B. Microgrid Test-bed Implementation

CURENT’s HTB has shown numerous capabilities for
transmission level system emulation. However, distribution
systems, especially microgrids could not previously be
emulated on the existing HTB. Here are several reasons:

e Battery emulators only have grid-following mode

control strategy.

e Lack of reconfiguration capability among different

types of systems.

e Improper line impedance value for emulating

distribution systems on a per unit basis.
All the mentioned limitations are solved to realize microgrid
emulation, and are described in the following.

1) Battery emulator control strategy

For the battery emulator, the control strategy in [13] only
achieved battery emulation in the grid-following mode while
the microgrid requires the battery with both grid-following and
grid-forming capabilities. The battery emulator control strategy
is shown in Fig. 7.

There are 3 modes in the battery local controllers which are
(1) grid-forming mode, (2) grid-following mode and (3) local
grid-forming mode. The grid-forming mode works when the
microgrid operates in the islanded mode, where the battery
works as the microgrid source. The grid-following mode takes

over when the microgrid operates in the grid-connected mode.
The local grid forming mode is designed for the islanding
transition.

Since the communication from the microgrid central
controller to local controller have delay or abnormal conditions,
it is possible that the grid is disconnected from the battery
emulator while the battery still works in the grid-following
mode. In this case, the battery will reach the local grid-forming
mode when the battery emulator locally detects the abnormal
voltage or frequency. The battery will change from the local
grid-forming mode to the normal grid-forming mode when the
grid-forming-enable command from the central controller
arrives.

The differences between normal grid-forming mode and
local grid-forming mode is that the local grid-forming mode
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Fig. 7. Battery emulator control strategy

cannot switch back to the grid-following mode to reduce the
influences of the communication error during islanding
transition.

2) Reconfiguration capability

The developed microgrid HTB is designed to be
reconfigurable for both transmission system (TS) and microgrid
(MG) tests. The reconfigured design is shown in Fig. 8.
Isolation switches are added on the AC link to switch between
different test systems. In addition, by changing the MG
isolation switch connections, the proposed microgrid HTB is
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Fig. 8. HTB reconfiguration design
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able to emulate different microgrid topologies. When both MG
and TS isolation switches are open, HTB is available for other
applications, which keeps the flexibility of the HTB for further
applications.

3) Microgrid line emulation

The microgrid HTB is designed as a 173 V and 3 kW rated
system for per unit implementation. The original and rescaled
line impedance values are shown in TABLE 1. Compared with
the line parameters in existing HTB [1], the microgrid line
impedance values are much smaller. In the developed microgrid
HTB, air-core inductors are applied to emulate the low-
impedance microgrid lines. Three single phase inductors are
grouped together as a three phase inductor. Compared with the
magnetic-core inductors, the air-core inductors are lighter, easier

to realize and will not saturate.

TABLE I. Microgrid line impedance

Name Original Rescaled
(MW, 12.8 kV) (B kW, 173V)
RL1 R1 0.0002 p.u 2.0 (mQ)
L1 0.00197 p.u 19.7 (uH)
RL2 R2 0.00087 p.u 8.7 (mQ)
L2 0.00854 p.u 85.4 (uH)
RL3 R3 0.00013 p.u 1.3 (mQ)
L3 0.00093 p.u 9.3 (uH)
RL4 R4 0.00057 p.u 5.7 (mQ)
14 0.00375 p.u 37.5 (uH)
RL5 R5 0.00022 p.u 2.2 (mQ)
L5 0.00146 p.u 14.6 (uH)
RL6 R6 0.00023 p.u 2.3 (mQ)
L6 0.00103 p.u 10.3 (uH)
RL7 R7 0.00088 p.u 8.8 (mQ)
L7 0.00379 p.u 37.9 (uH)
RLS R8 0.00006 p.u 0.6 (mQ)
L3 0.00023 p.u 2.3 (uH)
RL9 R9 0.00688 p.u 68.8 (mQ)
L9 0.0011 p.u 11.1 (uH)
RL10 R10 0.00552 p.u 55.2 (mQ)
L10 0.00555 p.u 55.5(uH)

4) Overall test-bed realization

The microgrid HTB hardware implementation is shown in
Fig. 9. The microgrid topology cabinet emulates the topology in
Fig. 4. Microgrid controllers, sensors, line emulators and smart
switch emulators are included in this cabinet. The smart
switches are emulated by the contactors to realize the microgrid
dynamic boundary capability. The contactors have 20-95 ms
opening delay as well as 40-60 ms closing delay. Therefore, this
microgrid HTB is capable of testing the impact of switching
action delay. All the converter emulators are connected to the
topology cabinet through the isolation switches to realize the
reconfiguration capability.

IV. TEST DESIGN AND RESULTS

The controller of the microgrid in [8] has been tested on the
developed HTB. Five test scenarios have been designed and
tested, which include black start, steady-state islanded
operation, reconnection, islanding and steady-state grid
connected operation with dynamic boundary.
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A. Black Start

Black start is the process where the PV and battery start to
pick up the loads and lead the microgrid to the islanded mode.
The test results are shown in Fig 10. The microgrid controller
issues the battery and PV startup command at ¢; and #,. The
battery and PV completes their individual startup at ¢, and ¢4,
respectively. The black start is completed at #5, and the loads
starts to be picked up at .

B. Steady-State Islanded Operation

15 T REE T T T
;1.0 | [ i |
5 I I [
505 } P Battery | | 1, oo
= 1 I Output , | | ! i [——
@ 0 V“ o s \,——-——4‘ [ R T I B
a | I e [ [
-0.5 - Hr | }L‘w"‘ﬁ b o } 1o 7
10 S ‘?r?_‘ﬁir’an‘ ing 1 Shrifking |
o oundacy | (Boundary |
14 - S A
.12 - } [ } } L B B B
31.0 - L PV I T i
80 P Lomal v L —
506 routputi, L0 1 output il D1l ]
& 04 fincreas| | | b Puth,
L Lo [ [
062 es I L \mp\s\l Lo
t | ts te H‘ ta\tb t1}u t14 *
[ I
L ! |
o
= !

1
Yy
|
T
!

on ‘ [ S T =
" L5/L6 | | L3 picked up L7 shedL2 shed s
E 'Picked}\ L11 vicked | L7 shed e
-
& [ up ! picked un 111 shed By
s F ! L2 picked up ‘ I73 shed 4
3 5/L6 shed
& ; ; +
off === 1
1l | | | 1 | 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Time/s
Fig.11. Steady-state islanding operation
For this test case, the microgrid operates in the islanded
mode with power balance and is able to pick up or shed load to

change the microgrid boundary when the PV output changes.
The test results are shown in Fig 11. In the steady state islanded

Battery Voltage (p.u.)

test, as PV output increases, the microgrid starts to pick up
loads and expands the boundary at #;. All the loads are picked
up at t7. At t5, as PV output decreases, the microgrid starts to
disconnect the load and shrinks the boundary until all the loads
are shed at #;3.

C. Reconnection

Reconnection is the transition from islanded mode to grid-
connected mode. In the developed HTB, the reconnection can
be realized through different switches. During this transition,
the microgrid controller regulates the voltage differences
between two sides of the boundary switch to minimize the
transient current. The reconnection at switch 0608 is shown in
Fig. 12.

During this reconnection, grid (G1) is enabled at #; and
gradually picks up loads (Lo, Ls, L, L7) through #, — #5. Switch
0608 is identified as the boundary when load L is picked up at
t4. Then the voltage difference information on 0608 is sent to
the microgrid controller for resynchronization. After the
voltage is reduced, the switch 0608 is closed at #5;, and the
battery changes the control mode from grid-forming to grid-
following at 7. At s, the grid picks up the last load Li;.

During this transition, the communication delay is emulated
by the developed HTB. The switching action happens at #
while the battery modes changes at ¢;. The time between ¢5 and
t7 is the delay between switching action and communication.
Fluctuations in the battery current have been observed, which
is realistic but rarely modeled in digital simulations.

D. Islanding

Islanding is the transition from grid-connected mode to
islanded mode. In actual microgrids, there are two kinds of
islanding events. The first one is planned islanding which
usually happens during the grid equipment maintenance.
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Planned islanding is a foreseeable islanding, and the microgrid
controller can shed loads and curtail the PV and battery outputs , BEsS Volage [pu) 1 SESS Current [p-w)
to minimize current through the point of common coupling 0 0
prior to islanding. The second is unplanned islanding, which I N & o ww w
usually results from grid fault or abnormal conditions. In the 2 T B
. . . . . . 0 i
unplanned islanding case, the grid and microgrid experience 2 A
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o . . . 2
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. . . . 2
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unavailable at #; and the microgrid reaches the steady-state Fig. 14. Grid-connected operation with dynamic boundary test
islanded operation at #,. The time between ¢; and ¢, reflects the results

transient of islanding. Similar to the reconnection, the delay
caused by the switching action and communication has also
been well emulated in the developed HTB. At #;, the boundary
switch opens while the battery emulator still operates in grid-
following mode until the battery local controller detects the
abnormal conditions and changes mode to the local grid-
forming mode (in Fig 7) at #;0. The mode change command
from the central controller arrives at ¢, and the battery emulator
changes to the normal grid-forming mode at ¢, when the
microgrid reaches the islanding operation.

E. Grid-connected Operation with Dynamic Boundary

During the steady state grid-connected operation, the
microgrid operates in the grid connected mode with power
balance and has the dynamic boundary capability. The test
results are shown in Fig. 14. During this test, the microgrid starts
from the grid-connected operation with G1. Islanding happens
at #;. Between ¢; and £, the microgrid goes through the islanding
operation. The reconnection to grid Gy starts at > when grid G4
is enabled and starts to pick up the loads. The reconnection
completes at 3. After #;, the microgrid operates in the grid-
connected mode with grid G4.

All the mentioned test cases demonstrate that the developed
microgrid test platform is capable of emulating steady state as
well as the transient microgrid operation. Based on these tests,
the controller functions of dynamic boundary and the microgrid
in [8] are tested and debugged. The HTB test checks the
microgrid controller capabilities by considering actual power
flow, time delays, etc., which is more realistic compared with
the digital simulations. After the HTB test, this microgrid
controller will be implemented in the actual field in the future.

V. CONCLUSIONS

The developed HTB is a new micorgrid emulation platform
which is capable of emulating microgrid operation transients
and practical factors. A microgrid controller with dynamic
boundary has been tested and debugged on this platform through
five different test cases to show HTB’s capability of performing
microgrid tests.

However, there are still several capabilities that can be
developed in the microgrid HTB, including unbalanced load
emulation, fault emulation, grid protection, etc., which are also



important in microgrid emulation. These functions will be
discussed in the future.
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