Implementing a Hardware Testbed Using 3-Level ANPC Software
Defined Inverters for Fault Analysis of a Transmission Network

Mohammad Safayet Hossain, Deepak Ramasubramanian, Aboutaleb Haddadi, Evangelos Farantatos,
Ulrich Muenz, Nan Xue, Sebastian Nielebock, and Zhiha Qu

Abstract—In this paper, we propose the implementation of
a hardware testbed using 3-level active neutral point clamped
(ANPC) software-defined inverters for fault analysis. A test case
transmission network equipped with two grid forming (GFM)
inverters and four resistive loads is considered in this research.
Firstly, grid forming control laws including PI feedback control
and droop control are implemented to operate the inverters in
parallel. Then, we implement a fault ride-through (FRT) logic
and perform a simulation of the test system by applying a
three-phase fault. Simulation results show the effectiveness of
the fault recovery algorithm upon clearance of the fault. Finally,
a 3-level ANPC software-defined inverter is programmed with
required control laws and characterized through various lab
experiments.

Index Terms— hardware testbed, 3-level ANPC inverter, soft-
ware defined inverter, fault ride-through

I. INTRODUCTION

A grid forming (GFM) inverter is an essential element
of an islanded microgrid to integrate distributed energy re-
sources (DERs) which establishes the voltage and frequency
of the grid. The parallel operation of multiple GFM inverters
become an interesting topic in microgrid research [1]-[7].
The classical droop control incorporates active and reactive
power sharing to regulate the frequency and voltage of
parallel inverters [1]. However, the classical droop control
strategy depends on output impedance and voltage set point
which limits its capability of power-sharing universally,
more specifically in reactive power sharing [3]-[5]. New
control strategies are proposed in [3]-[5] to improve the
droop control strategy. The reactive power-sharing among
inverters is improved by compensating voltage drop using
a communication link [4], [5]. Another approach of GFM
inverter control is proposed by exploring virtual reference
frames and exploiting virtual impedance loop and phase-
locked loop where the active power and reactive power are
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kept out of consideration [6]. A generic GFM control having
droop, virtual synchronous machine, and virtual oscillator
control options is proposed in [8].

GFM inverters are also important in the restoration pro-
cedure of a power system. A system restoration procedure
is proposed in [9] where the renewable energy sources are
equipped with GFM controls in the IEEE 14 bus system.
A novel control design is proposed to operate inverters by
utilizing a transition of the grid following (GFL) mode to
GFM mode during a fault in the microgrid [10]. Hardware
testbed is very important to realize the feasibility of sim-
ulated results of various control laws and fault recovery
procedures in power systems. In the majority of research
works, hardware implementation is outside the scope. A
couple of research works are presented by including several
experiments on microgrid testbed using 2-level software
defined microinverter [11], [12]. A 3-level active neutral
point clamped (ANPC) inverter produces three-level output
voltages with reduced switching loss which is more efficient
than a 2-level inverter. Two clamping diodes (each phase
leg) of a 3-level NPC inverter are replaced by two clamping
transistors in a 3-level ANPC inverter which increases the
cost but decreases the power loss as reported in [13], [14].

In this research, we use a 3-level ANPC software-defined
inverter (3-phase) having grid standard voltage and frequency
rating. The microcontroller of a software-defined inverter
can be programmed with required GFM control laws. The
inverter can be interfaced with a single-board computer (e.g.
Raspberry Pi) to monitor the data measurement of various
sensors in real time. Firstly, we develop a simulation model
by integrating two inverters, transformers, breakers, and four
loads with a reduced equivalent transmission network. Then
we implement GFM control laws and a fault ride-through
(FRT) logic in each inverter. We apply a three-phase fault
to test the system. After that, we develop a hardware imple-
mentable code of the GFM control in MATLAB-Simulink
which can be downloaded in the microcontroller of the
inverter. Finally, we run various experiments to characterize
the 3-level ANPC inverter. After the brief introduction, the
rest of the paper is organized as follows. The technical
background is illustrated in Section II. The experimental
results are explained in Section III. The paper is concluded
in Section IV.

II. TECHNICAL BACKGROUND

We consider a reduced equivalent transmission network
to build the testbed as shown in Fig. 1. The testbed is
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Fig. 1: The one line diagram of a testbed.

populated with two grid forming (GFM) inverters and four
resistive loads. The parameters of the testbed are shown in
Table I. The technical background is organized on the basis
of three directions. Firstly, the basic configuration of a 3-
level ANPC inverter is discussed. Then the control laws
of GFM inverter and the FRT logic are explained. Finally,
the hardware implementation of a 3-level ANPC inverter is
illustrated in detail.

TABLE I: Parameters of Transmission Network

Parameter ‘ Value
Nominal Voltage, vq 230.94/2V
Base Voltage, vpgqe 400V
Base Active Power, Py, 5000W
Base Reactive Power, Qpuse 5000VAR
Nominal/Base Frequency, fo 60H?z
Load Impedance, Z;,Z;> (330+ ,j0)Q
Load Impedance, Z;3 (165+ j0)Q
Load Impedance, Z4 (82.54 j0)Q
Line Impedance, Z»4, 758,748, Z¢4,Z68 (0.62+ j1.66)Q
Line Impedance, Z12,Z34, 256,778 (0.31+,0.83)Q
Isolation Transformer 400V — 400V, (Y —Y),6000VA

A. Basic Configuration of a 3-level ANPC Inverter

We use a 3-level active neutral point clamped (ANPC)
inverter in this research which is provided by Siemens. The
three-phase inverter switching model is shown in Fig. 2. It
has six transistors in each phase, where four FETs (T1, T2,
T3, T4) and two MOSFETs (TS5, T6) are used. The gates of
the transistors are driven by pulse width modulated (PWM)
signals. In each phase, cell-1 (T1 - T2), cell-3 (T3 - T4),
and cell-2 (T5 - T6) are driven by complementary modulated
signals. The switching frequency of the transistors of cell-1
and cell-3 is high, whereas the transistors of cell-2 are driven
by line frequency. The inverter has neutral point voltage
balancing capacitors with a DC link. The switching topology
of transistors for a phase leg is shown in Fig. 2.

B. Grid forming control laws and fault ride-through logic

The grid forming (GFM) control laws used in this research
are adopted from a generic GFM inverter model developed
by the Electric Power Research Institute (EPRI) [15]. The
inverter model includes feed-forward as well as feed-back

TABLE II: Parameters of 3-Level ANPC Inverter

Feature [ Specification
Maximum DC Link Input 800V, 10A
Nominal AC Output 400V, 7.2A
Nominal Frequency 50/60Hz
Nominal Power 5000W
Grid Connection L1/L2/L3/N
On-board Output Filter LC
Communication Interface CAN, SPI & RS485
Microcontroller TI C2000 Delfino (TMS320F28379D)
Programmer JTAG Emulator (XDS110)

Measurement Sensor Voltage, Current & Temperature

controls. The control scheme of a GFM inverter is shown
in Fig. 3. We utilize three sets of measurements including
source current (i*), output voltage (v), and output current (i)
to implement the control of a GFM inverter. The voltage and
current are measured in the time domain, abc reference frame
which are required to transform in, dq0 reference frame using
a transformation matrix (M) as in equations (2) - (5). The dq0
reference frame rotates with an angular frequency (0 =27 f),
where the angle (0) is defined by

/) = /Iw(r)dr (1)

cos(0) cos(0—%F)  cos(6+ %)
M(0) == |—sin(0) —sin(0—%F) —sin(0+%)| (2)
b :
[ia(2). 15 (1), 0T = M(O) (i3 (1), i3 (1) 2 ()] 3)
o (0) v (0).0" = M(O)[vg (1) vy (e) . ve ] (4

[16(2), 75(1), 0] = M(8)[i5 (1), if (1), 2 ()] (5)

Proportional Integral (PI) control is one of the most popular
control methods of power industries, which is widely used
in wind turbine and solar inverters [16]-[18]. The PI-based
GEFM control has two control loops. The outer loop so called
voltage control loop utilizes the voltage tracking error (i.e.
ey, =V —1°) in Pl-based feedback control as in equations
(6), (7). A feed-forward term is considered which includes
nominal angular frequency @y = 27 fy, the capacitance, Cy
of the output LC filter, and coupling components (vg,vy).
The voltage control loop generates current reference (i, i)
signal for current control loop.

iy (1) = Kpy [V (t) —vg(1)] +KIV/OZ[V2(T) —vg(7)ldt
—wpCypvy(t)  (6)

iy (1) = Kpy[vg (1) =g (t )]+K1v/0t[ 2(T) —vg(T)ldT
+ooCpvy(t) (1)

The inner loop so called current control loop utilizes the
current tracking error (i.e. ¢; = i" —i*) in Pl-based feedback
control as in equations (8), (9). A feed-forward term is
considered as well which includes nominal angular fre-
quency, 0y = 27 fy, inductance, Ly of the output LC filter,
and coupling components (ij, ;). The current control loop
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Fig. 3: Control scheme of a GFM inverter.

generates the desired voltage reference (vj",v;") which is
transformed into the control input (u4,u,) after some math-
ematical manipulations as in equations (10) - (13).

Vi 0) = Knlis0) — 0]+ K | 1i(5) ~ 5 (0)lae

RO - L0 ©®
10 = Knli ) — 50 +Ka [ 1)~ 5 (o)las
PO+ L) ©)

The active power (P) and reactive power (Q) can be calcu-
lated from output voltage (v°) and current (i°) measurements
as below.

P— 5[vg(t)ifl(t)—ka(l)iZ(f)} (14)
ngmmﬁm—&wﬁm (15)

The frequency and output voltage of the inverter is controlled
by regulating the real power, P and reactive power, Q
respectively [1]. The reference frequency and the reference

voltage of a GFM inverter can be updated using following
droop control laws.
f(t) = fo—Dy[P(t) = Po] (16)
va(t) =vo—Dy[Q(t) — Qo] (17)



where, Py and Qg are active and reactive power reference
respectively. Dy = % and D, = % are frequency
droop and voltage droop gains respectively.

While using a single DC source, it is required to achieve
neutral point voltage balancing by equalizing the voltage
across balancing capacitors (i.e.Vyep = Vaen) in a 3-level
ANPC inverter. A Pl-based neutral point voltage balancing
method is implemented as in equation (18) to generate a bias
of control input.

Udc (t) = Kpyc [Vdcp (t) — Viden (t)]

t
+Kuge /0 Viep(T) — Vien()]dT (18)

The bias is added with the control input as below.

ot (1), (1) 100 (6)]T = M (0) (1), 10 (1), O] ~+ 14 (1)
(19)
We implement a fault ride-through (FRT) logic by consider-
ing several constraints to control the voltage and current of
a GFM inverter in a safe operational zone during a fault, as
discussed in Algorithm 1.

Algorithm 1 Fault ride-through logic

Input: v9(),v q(t) iy (t), 15 (1), ", viyf G yin
Output: 7(t),7,(1), vM(t)
1 if v9(r) <O0. 8vd\/vd(t) > 1.13v/; then
2:  voltage loop: Kj, =0  >freeze integrator
3: end if
4: l'ﬂ‘l(l.)( lmax lmtn lmax
Y g
5 dg(t) = nax; ”””,z (1) >saturate i
6
7
8
9

AT (iy )
ig @ (e) =\ (ime)? = (g (0))2, ig™ (1) = — (1)
i!,(t) = SAT (i ™, d min in(¢))  >saturate
SAT (v ymin vy (1))  >saturate vy
)

Z(I) m(t

: VM( )
. return: (1),

C. Hardware implementation of a 3-level ANPC inverter

The 3-level ANPC inverter has a TI (Texas Instrument)
C2000 Delfino microcontroller (TMS320F28379D) [19]. The
microncontroller is programmable with MATLAB software.
Embedded coder support package for TI C2000 Processors
[20] is required to build the hardware compatible code to im-
plement the inverter control program. A MATLAB-Simulink
code is developed using the embedded system strategy for the
hardware implementation of the proposed control. A JTAG
programmer (XDS110) from TI is required to interface the
computer with the microcontroller. The MATLAB-Simulink
code is converted to C code before downloading to the
microcontroller. The 3-level ANPC inverter is considered
a real-time system where the processor does multiple tasks
for the GFM control in a discrete-time domain. The multi-
tasking scheduling problem is handled by a hardware inter-
rupt service routine manager (ISRM). The ISRM schedules
three tasks based on different priority levels and preemption
conditions.

1. EPWM (enhanced pulse width modulator) interrupt is
used to attain a 60Hz reference frequency for the inverter.
The EPWMS8 module uses a symmetric waveform (i.e up-
down count mode) as a timer. Each time this timer reaches
zero, an interrupt is triggered. The timer increments at the
PWM clock frequency (fpwa,cix) which can be different
from the processor clock frequency (fcir = 200MHz). The
period of the timer (T}y,,) is user defined which gives
the total number of counts (Ny) to generate 60Hz nominal
frequency (fp).

N = JPwman (20)
fo-Event -Tjy,,,

For example, the required number of counts (Ny) is
2222 to generate 60Hz frequency where fpwm.cie =
100MHz, T}y, = 250,Event = 3. The program is written
inside the Frequency-Gen subsystem as shown in Fig. 4.
This task is scheduled with the highest priority and non-
preemption condition.

2. CAN (controller area network) interrupt is used to
receive data from a Raspberry Pi for remote operation and
control of the inverter. The program is written inside the
CAN-Rx subsystem. This task is scheduled with a sec-
ond priority and preemption condition. The assigned GPIO
(general purpose input output) pin for the CAN bus is set
according to the schematic of the inverter. A Python code
is developed which is run in the Raspberry Pi (RPi) to
operate the inverter remotely as well as monitor the sensor
measurements in real time.

3. ADC (analog to digital converter) interrupt is used
in conditioning the acquired signals from various sensor
circuits. The inverter control implementation under the ADC-
PWM subsystem is shown in Fig. 4. The data is transmitted
using the CAN bus for the real-time data logging and
monitoring of sensor measurements. This subsystem receives
data from Freq-Gen and CAN-Rx subsystems. The necessary
control laws to generate reference signals are programmed
inside the ADC-PWM subsystem. Firstly, the reference angle
is generated from the count (n) and total number of counts
(N) information. The inverter receives logical control com-
mands and reference information from the CAN bus using
CAN (i.e. CANBO) interrupt. The start of an ADC cycle is
triggered by a PWM signal like the way of a timer. We use
an EPWM module (i.e. EPWM12) to trigger the ADC. This
EPWM module is also engaged in switching transistors (i.e.
cell-2 of phase leg-1). 16 ADC channels are used to measure
AC voltage, AC current, DC voltage, and temperature as
digital signals (12-bit unsigned integer) using a sampling
rate, of 40MHz. An ADC module (i.e. ADCAINI) triggers
an interrupt at the end of the conversion of all channels.
The digital data are conditioned for use in the control law
implementation. Measurement signal conditioning includes
the conversion of digital data to equivalent analog data and
reference frame transformation, abc —dq0. The frequency (f)
of the inverter output voltage depends on the total number of
counts (N). The detail of frequency droop gain calculation
is discussed in the appendix section. The normalized angle
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Fig. 4: The hardware program structure of a GFM inverter.

is calculated from count number (n) and total number of
counts (N) for each discrete time step, k using the following
equation.

n[k]

{1 eR:0<n[k] <N},VkeN

Nk 21

6[K]
The required transformation, dq0 — abc of control input
is performed to generate specific reference signals for the
3-level ANPC PWM switching. A neutral point voltage
balancing bias is added to the amplitude of the sinusoidal
reference signal. Nine EPWM modules are used to switch
18 transistors. Each module has two channels to generate
complementary switching signals for the transistors. The
addresses of ADC channels and PWM modules are set
according to the hardware design of the inverter. We used a
symmetric PWM waveform (i.e. up-down count mode) where
the timer period of PWM (7}5,,,) can be calculated using the
carrier signal frequency (f).

¢ frwm, cik
Tewm 2.1 (22)
The sinusoidal control input (u..) is used to generate refer-
ence signals for the PWM modules of cell-1 and cell-3 in Fig.
2 in each phase leg, where the corresponding square wave is
used to generate reference signal (i) for the PWM module
of cell-2. The control inputs (u#,5.) are manipulated separately
to produce specific reference signals for the transistors of

cell-1 (ml, ), cell-3 (m?, ), and cell-2 (m?,,) as below.

(g ) [k g [K]]T = Ty [t K], up K] e [K]] T (23)

[ (K], o (K], m2 K] = Ty (K], e [K] e [K]] T+ 1) (24)

2] 3R], 2T = TP (a6, )T 1) ©29)

We have set 48kHz carrier signal for all PWM modules in
each phase leg (cell-1, cell-2, and cell-3). The 48kHz carrier
signal is applied on the 60Hz sinusoidal reference signal in
EPWM modules of cell-1 and cell-3, which generates the
48kHz modulated signal for transistor switching. Conversely,
the 48kHz carrier signal is applied on 60Hz square wave
reference signal in PWM modules of cell-2 which generates
the 60Hz modulated signal. The dead time of complemen-
tary transistors is calculated using the information on the
datasheet of transistors. Then equivalent dead band cycle
is inserted in corresponding EPWM modules. Additionally,
a protection scheme has been implemented to protect the
inverter from over-voltage and over-current faults. A first-
order IIR (infinite impulse response) filter is utilized to
attenuate the noise of measured data. The transfer function
is given by
B

T1-(1-B) !

where [ is a constant, which is very small (i.e. 0.001 < <
0.01). The ADC interrupt task is scheduled with the lowest
priority and preemption condition.

H(z) (26)

III. RESULTS AND DISCUSSION

We have built a simulation model of the testbed in discrete
time domain using MATLAB-Simulink. We populate the
transmission network with two GFM inverters and four
resistive loads. We connect an isolation transformer with
each inverter for dynamic coupling. We have implemented
the control of a GFM inverter in per unit (P.U.). The
simulation parameters are shown in Table III. The simulation
has been run for 12.0 seconds as shown in Fig. 5. The
GFM inverters have been switched on asynchronously in the
simulation. At 0.1 second, GFM-1 is switched on to supply
power to a local load, L1 rated (0.1 +0j)P.U. After 1.0
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TABLE III: Parameters of Simulation

Value

(0.1+,0.01)P.U.
Kpy =3, Kj, =10
Kpi =0.5, Kj; =20
KPd(‘ = O], Kldc =0.5
D, = 2%(i.e.0.001306V /VAR)
Dy = 2%(i.e.0.00024Hz/W)

Parameter [

Reference Power, (P + jQo)

P-1 Gain, Voltage Control Loop
P-I Gain, Current Control Loop
P-I Gain, N-point Voltage Balancing
Voltage Droop Gain
Frequency Droop Gain

seconds, GFM-2 is switched on to supply power to a local
load, L2 rated (0.1+0;)P.U., and the transmission network.
After 2.0 seconds, GFM-1 is connected to the network
through bus, B2. It should be noted that both GFM inverters
have powered up the same rated local load. Consequently,
inverters have not experienced much overshoot in the voltage,
current, and frequency while connecting GFM-1 with the
energized network. Two GFM inverters are running for a

while without any disturbance to attain stable grid voltage
and frequency. At 4.0 seconds, the local load, L3 rated
(0.240/)P.U. is connected to the bus, B6. Another local
load, L4 rated (0.4+0;)P.U. is connected to the bus, B8 at
7.0 seconds. GFM inverters have tracked the voltage, current,
and frequency accurately as shown in Fig. 5. Both inverters
have shared the active power accurately using droop control.
A 3-phase fault is applied at 9.0 seconds and cleared at 9.2
seconds. The inverters have leveraged the proposed algorithm
and rode through the fault successfully.

A hardware implementable code is developed using the
embedded control system strategy as discussed in the tech-
nical background. The lab experiment setup and results are
shown in Fig. 6 and Fig. 7 respectively. The voltage and cur-
rent measurements are scaled up by 100 and converted to IQ
(Integer Quotient) numbers to perform processor-optimized
fixed-point mathematical operations in PI control, droop
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control, and neutral point voltage balancing. The PI control  getting the control system stability. Additionally, the gains

gains! are chosen on the basis of trial-and-error method until ~ are required to be compatible with PID controller blocks of

the MATLAB C2000 toolbox. The code is downloaded in the

1Control Gain: Kpy = 0.001, Kj, = 0.003, Kp; = 0.05, Kj; = 0.1875, Kpge —  Microcontroller of a 3-level ANPC inverter. The inverter is
0.0004, K74 = 0.002



operated remotely using a Raspberry Pi. The real-time data
of various measurements of the inverter have been recorded
with a 20msec sampling rate. The inverter has supplied power
to a resistive load (80€2) through an isolation transformer
using the output voltage reference, v; = 100V, v, =0V, and
the reference frequency, 60Hz. The DC input is set as 250V.
The experimental results are shown in Fig. 7 where the
measured voltage, current, and power signals are plotted.
The sinusoidal waveform of three-phase output voltage is
captured using an oscilloscope. The voltage reference of the
GFM inverter has been changed remotely from Raspberry Pi
to test the voltage tracking performance of the GFM control
in various voltage levels.

IV. CONCLUSION

We have implemented PI-based GFM control laws in a 3-
level ANPC inverter with fault ride-through (FRT) logic in
the testbed simulation of a transmission network. Multiple
inverters have been started asynchronously and operated in
parallel using droop control. Then a scenario of a three-phase
fault is simulated. Both inverters have utilized FRT logic
successfully during fault. We have developed a hardware
implementable code by exploiting the required GFM laws
to control a 3-level ANPC software-defined inverter and
performed various tests to characterize the inverter. In the
future, we will extend the existing hardware with additional
inverters.
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APPENDIX

The relation between total number of counts (Np) and the
nominal frequency (fy) is described by equation (22)

No— Sfpwm.cik
0 fo-Event -Tfy.,

N 1
" T

Recall droop control equation (16)

f(t) = fo—Dy[P(t) = ]

The equation can be written in terms of total number of
counts,
NI[k] = No + Dy/[P[k] — o]

Frequency droop gain, Dy(Hz/W)

D= (x%).fo

P, base

Frequency droop gain in terms of total number of counts,
Dy(Counts /W)

Dy = (x%)No
Pbase



