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Abstract— In this paper, the operation of a three-phase active
rectifier controlled as a virtual synchronous machine is presented
and developed on a hardware-in-the-loop platform. The relevant
rectifier control algorithm variables, such as grid currents or
virtual electromagnetic torque, exhibit transient responses in
accordance with the mathematical model of a synchronous
machine. The reactive power is maintained at zero to achieve
unity power factor over a wide range of output voltage
references. The aforementioned behavior is confirmed using a
hardware-in-the-loop device which simulates responses of all
hardware elements of the electrical circuit. The control algorithm
is implemented on an FPGA-based controller board which is
used to acquire measurements and generate PWM signals.

Keywords—three-phase PWM  active rectifier, control
algorithm, virtual synchronous machine, hardware-in-the-loop

I. INTRODUCTION

The increased presence of renewable energy sources (RES)
in power systems during the 21% century is the result of the
continuous growth of energy consumption and the reduction of
fossil fuel reserves, combined with the deterioration of the
environment due to fossil fuel exploitation. The importance of
RES is asserted through plans for increase in the total share of
such energy sources in the production of electricity. In
accordance with most leading countries in the world it is
predicted that by 2050 up to 30% of the total electricity
production will be from renewable sources [1]. In this way,
hybrid systems are formed, in which electricity production is
based on a combination of conventional and renewable energy
sources. Although fundamentally good, this approach creates
new problems for the electric power system, but also for
consumers [2].

High-power  synchronous generators, which are
characterized by their large rotor masses, are favorable in terms
of system stability as they increase its overall inertia. As such,
they are directly connected to the grid. On the other hand,
integration of renewable sources into the grid requires the use
of grid-side converters. These converters typically incorporate
current, power, and DC-link voltage controllers. They are
tuned to have a fast response and good dynamic characteristics.
The nature of these controllers is such that an increase in grid
voltage results in a decrease in converter current and vice
versa. They are adjusted to maintain the required power of load
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at the output and this type of behavior adversely affects the
stability of the grid, especially in the case of a significant share
of such converters in the grid [2, 3]. In recent years, solutions
for the control of grid converters based on the equations of the
synchronous machine have become popular. Such a converter
is called a virtual synchronous machine (VSM) [1, 4, 5, 6]. The
idea is that VSM emulates the existence of inertia and thus
imitates the dynamics of synchronous machines when
transients occur in the grid, thereby stabilizing voltage and
frequency. This type of converter, usually referred to as a
virtual synchronous generator (VSG), essentially represents a
grid-side inverter. However, such solutions related to power
rectifiers are also used. Reactive power control provides the
ability to operate with unity power factor, which is a
characteristic of active rectifiers. This paper deals with an
active rectifier controlled as a synchronous machine in motor
operation mode, better known as a virtual synchronous motor

[7].

In this paper, the operation of a three-phase active rectifier
controlled according to the equations of a synchronous
machine is analyzed. The control algorithm is verified using a
hardware-in-the-loop (HIL) device that allows testing without
actual hardware elements (transistors, load, grid connection,
etc.) that are instead simulated in real time. However, the
control unit is still an actual controller board that
communicates with simulated hardware.

Following the first section, this paper is organized as
follows: Section 1l describes the synchronous machine
mathematical model which is a core element of the VSM
control algorithm; main parts of VSM are established in
Section I11I; fourth section describes the setup used to verify
control of power converter in real time environment with brief
explanation of the applied equipment. Results of HIL
simulations are provided in the fifth section, followed by
conclusions, given in the final section.

Il. SYNCHRONOUS MACHINE MATHEMATICAL MODEL

Let us consider a three phase, two-pole non-salient pole
synchronous machine. It is assumed that stator windings have a
sinusoidal distribution, although they are graphically displayed
as concentrated in Fig. 1. Following derivation is based on [8]
with adopted motor operating mode.
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Fig. 1. Synchronous machine model

Angle 6y defines the rotor position with respect to the
reference axis of stator,

0, =t+0,, M)
where o represents the rotor angular velocity, and 6y, defines
the initial position of the rotor. Mutual inductances of stator
and rotor windings are time dependent and can be modeled as:

L, =M, cos(d,) )
L, =M, cos(d, ~120') ©)
L, =M, cos(d, —240).. (4)
It is now possible to define flux linkages of each winding as:
A =L i +Li +Li +Li (5)
A =L + L +Li +L,i, (6)
2 =L, +L,i +L i +L,i ()
2, =L,i +Li +L,i +M,i . (8)

Self-inductances of stator windings are denoted as
Laa=Lp=Lc=Ls, mutual inductances between stator windings
are denoted as Lg=Lp.=L,c=-M/2, while i; denotes field
winding current. The following equation describes the
instantaneous value of stator winding voltage,

dt

for x e{a,b,c} where Ry describes stator winding resistance,
as well as

v =Ri +
X S X

i, +i, +i =0, (10)
in case of isolated neutral, while back-emf equations can be
obtained for each phase according to (14) — (16).

a

o di,

e, =-M,i,osin(d,) + M, d—cos(ad) (14)
t
L di,

e, =—M, i, wsin(d, -120' )+ M, Ecos(é’d -120') (15)

di
e, =-M,i wsin(g, —240)+ M, —-cos(d, -240')  (16)
dt

Steady-state current i; is constant, thus, the second element in
(14)-(16) can be neglected. These equations are of tremendous
importance for VSM since they present voltage references for
pulsed modulation.

Energy that has been accumulated in the machine magnetic
field is a sum of both rotor and stator fields [4].
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The first derivative of W with respect to angular
(mechanical) position multiplied by the number of pole pairs
equals electromechanical (rotating) torque. This is valid under
the assumption that all energy is transferred to mechanical,
considering this way that fluxes are constant (there in no back-
emf), as well as stator and rotor currents [4].

L__dw de B
©ode, do, (18)
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Remaining equation used in active rectifier algorithm is the
one that describes the mechanical subsystem:

399 1 1 -D (0-w,,), (19)
a " ’ "

where J represents rotor moment of inertia, T, is the load

torque, whereas factor D, models the damping effect, which

mimics the existence of damping rotor winding. The moment

of inertia value is a consequence of machine dimensions and

this parameter increases with the machine size.

The final equation relevant for VSM is the one used for
instantaneous reactive power calculation:

1
4= Z00 - e WL )

In the following sections, it will be explained how the
provided system of equations can be used to control a power
converter as a VSM.

I, VIRTUAL SYNCHRONOUS MACHINE

Power converter controlled based on the mathematical
model of a synchronous machine is considered a virtual
synchronous machine, sometimes referred to as a
synchronverter. Depending on the defined direction of grid
currents, two main groups are distinguished, virtual
synchronous generators (VSG) and virtual synchronous motors
(VSM) [1]. One major difference is that VSMs require DC-bus
voltage control to obtain the desired level of output voltage. On
the other hand, VSGs are more oriented towards the active
power flow and contain such controllers. In case of reactive



power control, the controller structure can be the same, but
VSMs typically require average value of zero to achieve unity
power factor.

Fig. 2 depicts structure of VSM, where the converter circuit
and control block diagram of the system are highlighted.
Further description is focused on each of enumerated parts of
the block diagram and their main features [7].
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Fig. 2. Converter circuit (top) and block diagram of VSM algorithm (bottom)

A. Converter Circuit

Main components of an active rectifier are three phase
transistor bridge, grid filter and DC bus capacitor. The resistor,
connected in parallel with the DC-bus, represents rectifier load.
Three legs of the bridge are connected to the grid which is
represented as an ideal voltage source on one side, and to the
output capacitor on the other side. Transistor commutation
results in high frequency voltage which can not be safely
coupled to the grid. Thus, the grid side filter, usually L, LC, or
LCL type, is necessary for this application [3]. Analysis and
selection of the type and rating of transistors for this kind of
application, as well as the DC-bus capacitor bank, are more
related to implementation and testing on real hardware. The
effect of the grid-side filter on VSM performance and transient
response will be the topic considered in this paper.

B. Grid-Side Filter

Due to PWM being carried out at frequencies several
orders of magnitude higher than the grid voltage frequency,
high-frequency current components are expected. In order to
attenuate this part of the spectrum which could deteriorate grid
characteristics when present at a higher scale, grid-side filter is
used. Although the L type filter can lead to satisfactory results,
reducing grid current ripple to acceptable level, the volume and
potential cost of the inductor and its effects on converter
dynamics are a major problem when high power applications
are considered. Due to this, LCL filter presents a more
acceptable solution to those problems [9]. The main
disadvantage of LCL type filter is related to resonant peak. In

the absence of a current controller, a passive solution is used
for the given problem. Connecting a resistor in series with filter
capacitor flattens the resonant peak and resolves this issue [10].
According to the research presented in [11], based on PWM
frequency, current amplitude and allowed ripple as well as
overall rated power of converter, parameters of LCL filter can
be calculated.

Another aspect of grid filter parameter selection is that it
acts as a series impedance of virtual synchronous machine
stator. Real synchronous machine parameters depend on its
dimensions and the winding structure. VSM allows to change
these parameters in order to achieve better performance and
desired response to load or reference change.

C. DC Voltage control

This controller maintains DC-bus voltage inside a narrow
range around the desired value. The most common reasons for
variations of DC-bus voltage are related to the change of
rectifier load, grid voltage magnitude, or frequency fluctuation.
For this application, PI controller is selected.

Difference between required and measured DC voltage is
interpreted as an error and provided to PI controller block. The
controller output represents the load torque. For the simplicity
of the ongoing analysis, lets assume that the VSM frequency is
constant and equal to the grid frequency and that the steady-
state value of DC voltage is the same as the reference value.
This simplification is justified by the fact that the DC-bus
capacitance is relatively high and that the voltage ripple is
negligible. Block diagram is presented in Fig. 3.
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Fig. 3. Block diagram of DC control loop

VSM block describes the VSM electromagnetic torque
response to certain load torque. It is mostly affected by the
mechanical system parameters and LCL filter parameters.
Since LCL filter is designed to improve grid current, the
emphasis is on the effect of J and D, values on the VSM
response. Fig. 4 shows the effect of change of D, on T, when
exposed to a step change of T,
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Fig. 4. Effects of different values of D, with constant J (left) and different
values of J with constant D, on electromagnetic torque (right)

In a similar manner, for one selected value of D, it is
possible to show how change in inertia affects VSM. It can be



seen that for certain pairs of values of D, and J, the VSM acts
as a first order system and its time constant can be determined.
This allows easy PI controller parameters calculation, based on
modulus optimum, due to reduction of closed loop transfer
function order. It should be noted that increasing the moment
of inertia results in improved stability for grid frequency
disturbance, but at the cost of losing fast tracking of power
reference change. A trade-off between these two goals must be
performed. Alternatively, modifications to the VSG control
must be introduced [12] to allow reference-tracking speed and
virtual inertia to be set independently.

D. Reactive Power Control

In order to achieve unity power factor in a synchronous
machine, the reactive power controller alters the excitation
flux. In the case of VSM, the controller is an integrator with
small-enough gain. Its input is reactive power error, and output
is the excitation M¢l;. Reactive power calculation is based on
equation (20) from Section II.

Q

Fig. 5. Structure of reactive power controller
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E. Phase Locked Loop

In order to synchronize VSM with grid voltage, PLL unit is
used. PLL based on Park’s transformation is described in [13]
and the same one is used in this application, with additional
Clarke transformation that is required to obtain 90 degrees
phase shifted voltages. Block diagram which shows PLL
structure is presented in Fig. 6. The main goal is to control the
speed of the rotating reference frame in a manner that results in
zero voltage value in the quadratic axis.

0 2z f,
V,—» abc U + *
_ +
¢ [0) dqo . H . POy
r [1]

Ls |
Fig. 6. Structure of PLL system

F. Grid Synchronization Block

When the contactor of VSM connects its terminals to the
grid, a high current transient occurs. It is necessary to achieve
PWM voltage reference in each phase as similar as possible to
the grid voltage to avoid possible damage to the converter
circuit. As a consequence, inrush currents become smaller in
amplitude. One way of solving this issue is to use virtual
impedance technique and its formulation is presented in (21),

; u-—e
.= ) 21
sL+R (21)

where sL+R is the virtual impedance [1]. Before connecting
the converter to the grid, VSM algorithm is provided with
virtual currents, calculated by difference between grid voltage

and PWM reference signal divided by virtual impedance. DC-
bus controller is disabled during this period in order to avoid
additional torque in the virtual mechanical system. On the
other hand, reactive power control helps to synchronize
voltages amplitudes, while damper coefficient D, acts as
damper winding, synchronizing VSM frequency with the grid
frequency. When the current is equal to zero for a certain
period of time, VSM can be connected to the grid. Fig. 7 shows
the difference in currents provided to the reactive power
controller when synchronization algorithm is used and when it
is not used. In the Fig. 7, on the left side, actual currents with
direct connection to the grid, can be seen. Virtual currents can
be seen in the first 0.3 seconds of the figure on the right. After
that, once the currents are settled to a value near zero,
converter is connected to the grid and actual currents are now
provided to the VSM algorithm.
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Fig. 7. Waveforms of currents i [A] brought to algorithm without (left) and
with synchronization block (right)

IV. REAL-TIME SIMULATION SETUP

Final step towards implementation of a grid-side converter
as VSM is to create a hardware circuit, program a controller to
execute provided algorithm, and supply PWM signals to
transistor drivers. In order to avoid faults which could result in
semiconductor breakdown or other damage, previous
simulations are required. Software packages such as MATLAB
Simulink can be used to verify controller parameters and
overall stability of the designed system. However, simulations
like those usually require a lot of time only to model transients
in a span of several seconds. Moreover, changes of, say, load
value or reference value, as well as contactor states, have to be
determined previously. They will occur in specific moment
during simulation, which is defined before running it. In
addition, such simulations do not allow real-time
implementation of control algorithm, therefore they cannot
demonstrate the feasibility of the proposed controller in actual
application.

Use of hardware-in-the-loop devices is an excellent way to
evaluate the overall system performance in real time. That
implies change of load, grid conditions, different gains of Pl
controllers, etc. It is important to emphasize that in this
arrangement, displayed in Fig. 8 as an example, an actual
control device is used.

From Fig. 8 it can also be seen that besides the Typhoon
HIL 602+, which is the specific model of the used HIL device,
a PED-Board is used for digital control of the simulated
converter. The PED-Board is a controller board with National
Instruments sbRIO-9651 device as its integral part. It is an



FPGA based ,,system on chip“. Programming is adapted to
LabView software package. Both Typhoon HIL and PED-
Board are recommended by their respective manufacturers for
real-time grid converter verification.

Typhoon HIL 602+ Py

Digital /O

Fig. 8. Display of setup arrangement

Converter model is developed in Typhoon HIL Schematic
Editor software and depicted in Fig. 9. Voltage and current
measurements required by algorithm are available at devices
analog outputs. These signals are scaled to a level of 5V,
necessary for ADC circuitry of PED-Board and the custom-
made adapter board. Once the sampling is performed, the VSM
algorithm determines PWM switching signals, provided by
PED-Board, and sends them to HIL device’s digital inputs.
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Fig. 9. Converter circuit model created in Typhoon HIL software

V. HIL SIMULATIONS RESULTS

VSM control algorithm developed in MATLAB Simulink
environment has been verified using the previously described
setup. As presented in Fig. 9, measurements that have been
taken into account from the grid side are grid phase voltages
and grid currents. It is assumed that grid voltages are balanced
ideal 50 Hz sine waves without any additional harmonics. On
the converter side, line-to-line voltages and phase currents are
also measured. Besides that, DC-bus voltage has also been
taken into account. Circuit parameters and controller gains are
listed in Table I. Switching frequency is 10 kHz, as well as the
sampling frequency. This leads to precise PWM switching
considering the 40 MHz execution rate enabled by the PED-
Board, which is sufficient for triangular wave generation.

Fig. 10 (left) displays three phase grid voltages. Based on
their values, VSM algorithm calculates the sine wave
references for PWM signal generation. Grid voltage and
current of phase a are shown in Fig. 10 (right). It can clearly be
seen that grid current is a sine wave function that is in phase

with grid voltage. This means that the active rectifier creates
voltages that result in approximately unity power factor. LCL
filter is capable of reducing undesirable current ripple at the
grid side. THD value of the grid current is 1.52%.

TABLE I. PARAMETERS OF VSM AND CONTROLLERS GAINS
Parameter Value Parameter Value
Voc 800 V J 0.0025 kgm?
Cuoc 1.1mF De 478
rad
Ricu 50 mQ KppLL 0.9
Licu 1mH KipiL 1000
Riciz 50 mQ Koy 0.0609
Licie 7mH Kiv 0.6619
CieL 2.5 uF Kio 0.0003125
Rc 100 fowm 10 kHz
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Fig. 10. Grid voltages (left), phase a current and voltage (right)

The performance of the active rectifier operated as a VSM
is presented in Fig. 11. A test has been conducted in order to
evaluate the performance of DC voltage regulation under
various stress conditions. Fig. 11 (left) depicts how changes in
DC voltage reference affect output DC voltage value. At first,
after initial 800 V (for which the DC controller parameters are
designed to operate) there was introduced a decrease that
included two - 50 V steps. Then, an increase in reference which
lead to 900 V was applied, followed by -200 V decrease in
reference. Two additional + 50 V steps of reference change
lead to desired 800 V output. It can be seen that the converter
successfully achieved all of required values of DC reference.
Fig. 11 (right) shows active and reactive power during voltage
variation test. In addition, Fig. 12 (left) shows how rapid
change in load, from 20% to 100% and vice versa affects DC
voltage. During the test, DC voltage reference is set to 800 V.
RMS value of the current in one of the phases, calculated in
accordance with the grid frequency, is also presented. Fig. 12
(right) presents active and reactive power during the applied
load variation test.
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Fig. 11. Wide-range changes in DC voltage (left), active and reactive power
during DC reference variation test (right)
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load variation test (right)

V1. CONCLUSION

An active rectifier controlled as a VSM was presented and
implemented on a HIL platform. FPGA-based PED-Board
controller was used to perform the proposed algorithm. It was
shown that, with adequately set model and controller
parameters, a required waveform of grid currents as well as
DC-bus voltage value can simultaneously be obtained. During
the HIL experiment, grid currents were in phase with voltages
of respective phases, which lead to unity power factor
operation of the converter. In addition, grid currents exhibited
low level of ripple. Future research will be focused on the
implementation of VSM on actual hardware in order to
evaluate its performance in real-time grid defined conditions.
Prior to that, PLL algorithm should be adapted to such
conditions in which additional grid voltage harmonics and
unbalance could occur and influence the control performance.
Moreover, it is planned to investigate how implementation of a
current controller affects the VSM converter performance.
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