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ABSTRACT Indirect boost matrix converter is potentially a great alternative to a back-to-back converter for
permanent magnet synchronous generators based distributed generation since it can achieve a voltage-boost
functionality without utilizing a bulky DC-link capacitor. Despite the success of the indirect boost matrix
converter topology, there still exist some issues in the relevant control structure that must be resolved appro-
priately. First, the existing controls are grid-following controls, which is incapable of islanded operation.
Secondly, the exiting controls generate a highly distorted current waveform, which needs to be suppressed
by a passive damping resistor. Moreover, without an energy storage element, the distributed generations
have no short-time power reserve unit for providing an inertial power to support the utility. In order to solve
these issues, a novel approach based on a modified virtual synchronous control and a finite control set model
predictive control scheme is proposed in this paper. The former is adopted to ensure proper operations in
both grid-connected and islanded modes and to emulate the virtual inertial response by drawing inertial
power from the input source. The latter utilizes multi-controls of real-time variables to avoid complicated
coupling between the input side and the output side controls and to grant the indirect boost matrix converter
with the capability of providing active filter resonance damping. Comparative studies between the proposed
control and its existing counterpart are conducted with several simulations in PSCAD/EMTDC software to
demonstrate the superior performances of the proposed strategy. Finally, the proposed control is verified in
a scale-down experiment testbed.

INDEX TERMS AC-AC converters, distributed power generations, indirect matrix converter, power control,
power system stability, predictive control, virtual synchronous generator.

I. INTRODUCTION

AC/AC converter can broadly be found in standard indus-
trial applications such as adjustable speed motor drives and
power quality conditioners. Among them, the applications in
distributed generation (DG) with variable ac-source using a
permanent magnet synchronous generators (PMSGs), such
as wind turbines, hydrokinetic turbines, and gas engine,
have recently attracted a lot of attention from power
engineers. Currently, the conventional back-to-back (B2B)
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converter [1]-[3] is a preferred choice for interfacing decen-
tralized sources and the utility distribution grid. However,
bulky and limited-lifetime DC-link electrolytic capacitors are
still often considered as the disadvantages of B2B convert-
ers. Hence, matrix converters (MCs) [4]-[17] are commonly
investigated as a possible alternative for B2B converter since
only a small or no dc-link capacitor is involved in the MCs
topology. This is especially beneficial for applications where
volume and weight restrictions are required. Nevertheless,
the downside of MCs is that any change in the power com-
mand must be compensated by the energy stored in the
DG unit itself, unlike in the case of the B2B converter,
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where the dc-link capacitor provides short-time energy and
decouples the rectifier and inverter stages. Therefore, the con-
trol schemes for MC are more complex.

The MCs can be typically categorized into two types [4]:
conventional direct matrix converters (DMCs) and indirect
matrix converters (IMCs). Conventionally for a three-phase to
three-phase conversion, a direct matrix converter utilizes nine
bidirectional transistor-switches to establish a direct connec-
tion between the input and the output. Such an arrangement
provides full bidirectional power flow, which is not useful
for DGs, where power is only flowing from the sources to
the distribution grid and thus causing a surplus of transistor
switches [18]. The IMCs, on the other hand, can be simplified
to reduce the number of transistor switches if a unidirec-
tional power flow control is utilized. An IMC is composed
of a voltage source converter and a current source converter.
This topology is also known as sparse matrix converters
(SMCs) [11]-[13]. Nevertheless, both SMCs and general
DMCs have a low voltage gain, which is a limiting factor
for a grid interfaced with DGs. This is notably the case for
a connection between the utility and variable source voltages
such as a PMSG-based energy conversion system driven
by a wind turbine or gas engine, as these variable sources
operate in a variable speed mode, during which a varying
voltage ranged from a low voltage to the PMSG rated voltage
is generated. Therefore, a number of methods to increase
the voltage gain have been proposed in the literature. The
strategy can be done either in the modification of modulation
strategies, as suggested in [14], or in the modification of the
topology by adding more components to the virtual dc-link,
as presented in [15]-[16]. Nevertheless, these methods can
cause other disadvantages to the system. For instance, high
filter requirements are needed for the given method in [14]
due to higher input current total harmonic distortion (THD),
and the adding of passive components will increase overall
system losses.

Alternatively, references [17] and [18] proposed an imple-
mentation of a reverse power flow operation of IMCs to
generate a voltage-boost property. This configuration is an
attractive solution for DG applications as it achieves a volt-
age gain larger than 1.4 just by reversing the order of the
IMC to have a current source converter at the grid side
and a voltage source converter at the side of the power
source. It will be termed as an indirect boost matrix con-
verter (IBMC) in this paper. Although the advantages of
IBMC topology are clearly noticeable, the existing control
methods are almost directly adopted from IMCs with con-
ventional topology. Therefore, some shortcomings still exist,
for instance, the resonance phenomenon of output CL-filter
caused by the generation of low order harmonics components.
This resonance may profoundly disturb the output current [8],
so that it usually requires the addition of a passive damping
resistor at the grid interfacing side [17], [18]. The existing
modulation methods also only utilize the information of the
phase angle to control the CSI side, and the amplitudes of
output values cannot be regulated directly due to the fact
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that zero current vectors are not be used in the CSI side
of IBMC [17], [18]. Thus it is challenging to apply active
damping with such a control method. Another shortcoming
of the existing control method lies in the fact that the existing
control schemes are grid-following controls, which are only
capable of operation in the grid-connected mode. Although
a control scheme for islanded operation is proposed in [18],
it faces a challenge of managing the transition of control
mode between grid-connected and islanded operation. Fur-
thermore, grid-following controls do not actively control their
output frequency to support grid frequency stability. This is
an essential topic for the future grid, where DGs are highly
penetrated because, unlike synchronous generators (SGs),
DGs lack rotating inertia.

One of the highly-rated solutions for these problems is the
implementation of a virtual synchronous generator (VSG).
The results of the past research works have clearly demon-
strated that the VSG-based DGs can solve issues related to
frequency deviations, and also capable of islanded opera-
tion [19]-[27]. However, the referred VSG controls are typ-
ically designed for a system with energy storage elements
such as the B2B converter-interfaced system, as the inertial
power of the referred VSG controls is provided by this storage
element. Therefore, it is challenging to implement these VSG
controls in a system without a de-link energy storage element,
such as the IBMC-interfaced DG. Without the energy storage
element to draw a short-time power from, the controller
needs to be able to dispatch the power directly from the
input source in order to support the frequency stability of the
grid. Furthermore, the integration of VSG control will further
complicate the modulation of IBMC, which is already com-
plicated due to the coupling between input control and output
control.

Over the last few years, finite control set model predictive
control (FCS-MPC) has emerged as an attractive alternative
for the control of power electronics applications since it
offers several benefits including simple multivariable con-
trol, the possible inclusion of constraints, straightforward
control law, and fast dynamic response [30]. As for DGs,
a number of control solutions based on FCS-MPC appeared
in the literature [31]-[36]. Among these, the multivariable
FCS-MPC-based VSG for a voltage source inverter (VSI)
proposed in [36] shows high compatibility between the FCS-
MPC and VSG. In addition to an integration of the inertia
support feature, the FCS-MPC-based control scheme utilizes
a simultaneous control of both voltage and current of the
output LCL-filter, to provide a fault-ride-though ability, and
to restrain the resonant energy oscillation between the induc-
tances and the capacitances. The mentioned oscillation will
occur if either one of the filter voltage or the filter current
is solely controlled. This performs an alternative method to
damp the filter resonance without a dedicated active damping
part in the control algorithm [36]-[39].

The FCS-MPC constitutes a promising approach for imple-
mentation of VSG control-based IBMC compared with
standard schemes because the FCS-MPC allows several
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control objectives to be fulfilled simultaneously by utilizing
the system model and the real-time values of the system
to determine the optimized converter’s physical switching
states directly. This grants the predictive controller significant
advantages over the existing PWM-based methods, as it is
capable of regulating the amplitudes of output values without
employing zero current vectors. Therefore, the FCS-MPC
is more suitable for the implementation of VSG controls,
which govern the reactive output power via the regulation
of output voltage amplitude. Furthermore, with the real-time
variables of physical dc-link used in system model prediction,
considerations of the complicated coupling between rectifier
and inverter to find the mean values of the dc-link variables
can be removed from the control algorithm as shown in
the studies of FCS-MPCs for conventional motor/load drive
IMC [40]-[42]. Taking into account the investigated flaws of
the existing method, such as the usage of a grid-following
strategy and the requirement of a passive damping circuit,
a novel VSG control based on the FCS-MPC is proposed
to improve the performance of the IBMC-based DG. First,
thanks to the adoption of the VSG strategy, the ability to oper-
ate in both grid-connected and islanded modes is achieved,
while the controller is capable of dispatching the inertial
power directly from the input sources, and is able to regulate
the output reactive power through the manipulation of the
output voltage. Furthermore, active filter resonance damping
is provided by the multivariable control of capacitor voltage
and inductor current of the output CL-filter.

The rest of this paper is organized as follows. In Section II,
the topology of IBMC and the relevant existing control meth-
ods are discussed. The shortcomings of the control method
under investigation are analyzed and verified with simula-
tion results shown in this section. The novel VSG control
for IBMC based on FCS-MPC is proposed in Section III.
In Section 1V, the performance of the proposed control
scheme is verified by simulation results along with discus-
sions to highlight its advantages. Experimental verification
is then conducted in a scale-down manner in Section V to
validate the results of the simulation study. Finally, this paper
is concluded in Section VI.

Il. IBMC CONVERTER: A REVIEW

A. TOPOLOGY

A topology of unidirectional IBMC is illustrated in Fig. 1.
The converter consists of twelve power transistor switches.
Among these, six switches have antiparallel diodes and are
arranged as a front-end voltage source rectifier (VSR). The
other six switches have series diodes for forming a rear-end
current source inverter (CSI). This topology clearly differs
from conventional IMC, where current source rectifier (CSR)
and VSI are utilized. This reversed configuration allows
the IBMC to have boost property. Nevertheless, according
to [18], a clamped diode in series with a small film capacitor
termed as ““fictitious dc-link” is required at the physical link
between VSR and CSI as a mean to maintain dc-voltage and
suppress its spike.

This dec-link capacitor is vital for IBMCs because VSR
utilizes zero voltage vectors, during which all the upper or
lower switches of the VSR are turned on, and the dc-link
current becomes zero. As a consequence, no dc current is
supplied to the CSI, and thus all switches in the CSI are
turned off. Without the DC-link capacitor, this will result in
DC-link voltage becoming zero, which should be avoided as
it can cause short-circuits between output filter capacitors
and antiparallel diodes in the VSR side. However, the pres-
ence of the DC-link capacitor means that DC-link voltage
can be discharged via the CSI to the output filter capaci-
tances, generating a sizeable circulating current and distort-
ing the output current of the IBMC. In order to avoid this,
the DC-link capacitor should be so small that the amount
of the discharging current is ignorable. However, the voltage
spikes will not be sufficiently suppressed in this case. Alter-
natively, as shown in Fig. 1, a clamping diode could be added
in series with the capacitor to prevent the discharging, thus
allowing a larger DC-link capacitor to be used.

B. EXISTING PWM-BASED MODULATION METHOD FOR
IBMC

The investigated modulation methods of CSI and VSR in this
section are adopted from [17], [18]. as mentioned previously,
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FIGURE 1. Topology of indirect boost matrix converter.
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the controllers of the CSI and VSR have to be dependently
implemented since there is no dC-link capacitor to decouple
the two stages. Here, the modulation of each stage is briefly
explained.

1) CSI SIDE

The objective of modulation in the CSI side is to keep the
dc-link voltage commutating between the largest and the
second-largest positive line-to-line grid voltages. In this
method, none of the null states are used to avoid circulating
current between the fictitious dc link and the shorted phase-
leg. The reference IMC output current can be synthesized by
making use of the two adjacent active current vectors from the
possible six active vectors (SC1-SC6), which divide the space
vector into six sextants, as illustrated in Fig. 2. The reference
current phasor is set to follow grid phasor, thus, if the grid
phasor 6, is located in one of the sextants, two nearest space
vector to the reference current phasor will be chosen. The zero
current vectors are not used in CSI to avoid a short-circuit at
the DC-link capacitor. Nevertheless, if we consider Fig. 2,
it can be seen that when the IMC output current is generated
only from two active current vectors, the amplitude of the
current cannot be adjusted due to the absence of zero current
vectors. Under this condition, only the synthesized current
vectors on the hexagon boundary that is depicted in Fig. 2(a)
can be generated. Therefore, the corresponding active duty
ratios (d; and d») used for gating the modulated transistor
switches within a sampling period of the CSI can be deter-
mined with the three-phase angles 6,, 6, and 6, alone, giving
the fact that cosf, + cos 6, + cos 6, = 0. For the example of
sextant 1, the ratio d; that the first modulated switch (Sp,) is
turned on and the ratio d; that the second modulated switch
(S¢n) is turned on can be eventually determined as follows:

dy = —cos6p/cosb,, dr= —cosb./cosb, (1)
SSCZS Sv3 Sv2
by Jen Sans Sepr Scn Sapr Sepr Scn
SC3
SC1
Sopr San 3 5 Sapr Sen
sv4 V7 svi
S
4 D> g1 Saw Sopr Sci o o Sow Scn
sca 5 6 SC6
Sepr San Sapr Son
SV5 SV6
SSCSS Sans S SCp SAp' Sgn SCp
cpr bn
(a) (b)

FIGURE 2. Space vector representation of (a) CSI, and (b) VSR.

Since the amplitude of the current cannot be adjusted
through modulation in the CSI side, in order to create a
sinusoidal current, the modulation method is instead designed
to manipulate the dc-link current through modulation in VSR.
This can be achieved by applying the following average
dc-link voltage (2) during the calculation of the VSR side’s
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modulation index.

3V,
om cosflg, forsextants =1,3,5

2 [mypax | )

om

Vbcay) =
for sextants = 2,4, 6

2 il <
where my,.y =  max(cos b, cos Oy, cosbOe), Myin =
min(cos 6, cos O, cos 6.), and @y is the output power factor
angle. Because of (2), the resulting average amplitude of
dc-link current (ipc(,y)) Would vary in inverse proportion to
VDC(av)-

2) VSR SIDE

For the control of the VSR side, the space vector modu-
lation (SVM) is implemented to produce the desired input
current. The VSR switching sequence must utilize zero space
voltage vectors (SV0 and SV7) shown in Fig. 2(b) to boost the
input voltage (i.e., using the input inductance). The reference
voltage vectoris synthesized by making use of the zero volt-
age vectors and two adjacent active vectors of the possible
six active vectors (SV1 — SV6).Additionally, compensation
for the varying dc-link voltage (2) has to be executed. Hence,
the modulating reference d4 for phase A can be written with
the following equation.

va + Vog
A = —
VDC(av)/2

where v4, vp and vc represent three-phase input voltage
references without normalization. V, is the triple order
harmonic offset commonly added to gain a 15% increase in
the modulation index [9]. Finally, coordination between the
commutation of CSI and VSR modulations is required to
avoid an error. This can be done via an arrangement of the
modulation periods of both VSR and CSI side controls. More
relevant explanations can be found in [10], [18].

(€)

C. ANALYSIS OF CONTROL ALGORITHM FOR DG
APPLICATIONS

Despite the effort to compensate dc-link current through mod-
ulation in VSR, the modulation alone cannot correctly gener-
ate the desired dc-current amplitude, and low harmonic order
components are generated in the CSI side. These harmonics
seem to be amplified in the control of IBMC since the IBMC
is connected to voltage sources in both input and output
sides as opposed to conventional RL-load drive IMC, where
voltage source only exists at the input side. The differences
in frequencies, phase angles, or amplitudes between input and
output voltage sources are bound to affect the generated dc-
link current. Hence, low order harmonic distortion can be
observed in the generated output current waveforms. This low
harmonic order may excite CL- filter resonance in the grid
side of IBMC, which causes the output current to be highly
distorted, as shown in [8]. In order to suppress the oscillation
caused by filter resonance, it requires the addition of a passive
damping resistor at the grid interfacing side, as suggested
in [17], [18]. Nevertheless, it will cause high power losses
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in the converter. Although various active damping strategies
to eliminate distorted input current of RL-drive IMC are
proposed in the literature [28]—[29], which could possibly be
modified for the suppression of distorted output current of
IBMC, they require a complex modification in control algo-
rithm and higher switching frequency, which causes higher
switching losses. Hence, similarly to [17], [18], a damping
resistor is added to the circuit, as shown in Fig. 3 to deal with
resonance issues in this work.

damping resistance for all three phases 20()
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FIGURE 3. The control diagram of the existing PWM-based method.

The objective of DGs in grid-connected operation is to
track the dispatch power command, which is realized by the
control diagram shown in Fig. 3. The current command iy s
of VSR is obtained via PI control of the outer active power
control loop. The active power command is set at 5 kW.
For unity power factor operation, iy g, ref is set to zero. The
computed current reference is subsequently tracked by the
measured source current i 4, by feeding their error to a PI
controller. As for the CSI, three-phase modulation references
are obtained through dg/abc transformation after the PI con-
trol processing, as shown in Fig.3. The same current com-
mand iy ¢ as used in the VSR side is employed and for unity
power factor operation, i, 4, ror 18 set to zero. However, only
the phase angle information is used for the CSI modulation,
as shown in (1). The other block diagrams, shown in Fig. 3,
are well described in [17], [18].

The modulation index of the CSI is fixed at 1 since only the
phase angle information is used. This arrangement is suitable
for IMC without reversed configuration, where modulation of
CSR is set to the maximum so that the power can be designed
by the VSI side’s control and the load. The output power of
the IBMC, on the other hand, is managed by the input control
and is not affected by the output network. This implies that
the control algorithm for the IBMC is not suitable for islanded
operation, where the balance between DG’s power and load
power needs to be maintained. A different control scheme is
suggested in [18] for the islanded operation of the IBMC,
which utilizes the measured output voltage drop in order to
determine the power command for the VSR controller accord-
ing to the relationship of P = V?/R. However, this method
requires control modes changing between grid-connected and
islanded operations. Furthermore, the relationship between
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output voltage drop and output power can only be accurately
deployed if no reactive load exists in the islanded network.

In order to study the performance of the existing
PWM-based method for IBMC, the test circuit depicted
in Fig. 3 is used for simulations in PSCAD/EMTDC. The DG
system is connected to the grid and is set to operate according
to the droop characteristic with the reference active power
obtained following the equation of P,,r = Py — ky(wape —
Wpase), Where wgpe 1s the measured grid frequency, wpgse 1S
grid nominal frequency, which is fixed at 376.99 rad/s and the
frequency droop gain k;, is chosen at 40 pu for which nominal
output power Py is set at 5 kW. The effect of filter resonance
is first simulated by removing the resistive damping. The
PI parameters of the current control loops (k, ; and T; ;) are
selected as 0.5 pu and 0.0025 pu, respectively. Sampling
frequency fs csipwm 10 kHz is selected for the CSI of the
PWM-based method, which results in the average switching
frequency of 20 kHz and 10 kHz for the VSR and the CSI,
respectively.

The dc-link voltage, the input current, the dc-link current,
and the output current for the case without the damping
resistor are illustrated in Fig. 4. It can be seen that without
damping resistor, significant distortion (due to filter reso-
nance) appears in output current waveform. The input power
injected to the converter amounts to 5 kW. The input and
output reactive powers are maintained at 0 var to obtain unity
power factor.

ia(A)
o

-50
60

40

0

la(A)

40
_20
S \/’\/’\//’\/
-20
-40
0.52 0.54 0.56 0.58

Time (S)

FIGURE 4. Simulation results of steady-state waveforms of tThe dc-link
voltage, the phase-A input current, the dc-link current, and the phase-a
output current of the PWM-based method without damping resistor, from
top to bottom, respectively.

To suppress the filter resonance, a damping resistor Ry
is required in the circuit, as previously discussed in this
subsection. According to [17], the transfer function of output
current i, with respect to inverter current i;,,, and grid voltage
ve when Ry is added in parallel with the output filter can be
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FIGURE 5. Model and block diagram for phase-a current in CSl side of the
IBMC: (a) Model; (b) Block diagram.
derived based on Fig. 5 as follows.
sLo/Rq + 1 .
= l
52L,C + 5 (R,C + Ly /Ry) + 1

2
s°L,C
T+SC

Lo inv

- v @
2L,C + 5 (Roc + R—d) +1

where R,, L, and C are defined as shown in Fig. 1. Derived
from (4), the damping ratio ¢ for the second-order system can
be calculated with (5).
_ R,C +L,/Ry
- 2VLC
According to (5), the presence of R; can increase the ¢.
Hence, R; equal to 20 €2 is added to achieve the desired
damping. The dc-link voltage, the input current, the dc-link
current, and the output current for this case are illustrated in
Fig. 6. As can be seen in the figure, distortion in output current
is significantly eliminated. However, the losses in the output
filter resistances increase because of the damping resistor.
The total losses are approximately 300 W, which amounts to
around 6 % of the input power. We can conclude from this
result that the using of passive damping is not an attractive
solution for the filter resonance suppressing due to the losses
inflicted by R4. The THDs of input and output currents of the
converter during steady-state are concluded in Table 1.
Although a droop controller is applied, this method is still
a grid-following control. Thus, it is not capable of operating
when the converter is disconnected from the grid. To validate
this, the test circuit is simulated for the case of sudden island-
ing from the grid at time 7 = 1 s. The output power and the
output frequency illustrated in Fig. 7 clearly show that the
controller has no mean to control the output frequency, as it

&)
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FIGURE 6. Simulation results of steady-state waveforms of The the
dc-link voltage, the phase-A input current, the dc-link current, and the
phase-a output current of the PWM-based method with a damping
resistor, from top to bottom, respectively.

TABLE 1. Current THDs for existing PWM-based method.

Output current Input current

Condition THD THD

The PWM—baged me'thod without <7 % ~39%
damping resistor

The PWM-based method with a ~39% £2 %

passive damping resistor

keeps rising after grid islanding. The increase in frequency
also leads to a decrease in output power due to the charac-
teristic of the Pf-droop controller since the output power of
the IBMC is determined purely by the power command of
VSR and is not affected by the output network. The power
command decreased until it reached zero, and the control
system collapsed, as illustrated in Fig. 7. This figure also
indicates that the controller cannot maintain the amplitude
of the output voltage when the DG is islanded from the grid
due to the nature of the modulation methods for the IBMC,
which only utilizes the phase information in the control of
the inverter side and has no control over the amplitude of
the output voltage. All of these emphasize the unsuitability
of such modulation methods for the implementation of the
grid-forming-based VSG control, which needs to be able to
control both voltage and frequency actively.

lll. THE PROPOSED MPC-VSG BASED CONTROL SCHEME
The IBMC topology used for the proposed control scheme is
adopted from the one explained in section II. It consists of a
VSR and a CSI, as shown in Fig. 1. However, the topology
for the proposed scheme differs from the one in Fig. 1, since
the clamp diode is removed from fictitious dc-link, as shown
in Fig. 8. Because in the proposed control scheme, distortion
in capacitor voltage caused by discharging current from the
dc-link capacitor, as happened in the PWM-based method
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FIGURE 7. Simulation results of tThe output active and reactive power,
the output frequency and the output voltage amplitude of the existing
PWM-based method with a damping resistor before and after
grid-islanding, from top to bottom, respectively.
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FIGURE 8. The proposed control diagram of the FCS-MPC for IBMC-based
VSG.

when a clamp diode is absent, can be avoided with direct
control of capacitor voltage. Furthermore, the short circuit
in parallel diodes of the VSR side under a negative dc-link
voltage can be prevented by including an additional constraint
in the cost function, as explained in section III-B.

The overall control diagram of the proposed control is
shown in Fig. 8. It is composed of the FCS-MPC and VSG
control parts. The FCS-MPC part predicts the system vari-
ables and evaluates the optimal switching states for both
VSR and CSI sides. In the VSG control part, the command
variables of both sides of the converter, such as output voltage
command, output current command, and input power com-
mand, are determined. The former part will be explained in
Part-B, whereas the latter part is discussed in Part-C.

A. THE PROPOSED VSG CONTROL FOR THE IBMC

1) VSG CONTROL

The objective of VSG is to track the dispatch power command
while providing virtual inertia to the DG to slow down any
deviation of the grid frequency. This can be realized with
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FIGURE 9. The control diagram of the proposed VSG control scheme.

the structure of a DG using VSG control shown in Fig. 9.
It consists of “Swing Equation Function”, “Governor”, and
“Qdroop” parts. Py, Paut,PgOVs Q0. Qout» Vout» @m» wpLL, E*
and 0* represent the output active power command, the out-
put active power, the shaft power from governor, the output
reactive power command, the output reactive power, the out-
put voltage amplitude, the mechanical frequency of rotors,
the output frequency measured by PLL, the voltage refer-
ence magnitude, and the power angle reference, respectively.
Virtual inertia is emulated in the block “Swing Equa-
tion Function” with the help of the well-known swing
equation (6).
dw,,

Pgov — Pour + D(wy — a)g) = Ja)m? (6)
where J is the moment of inertia, D is the damping factor
produced by the damper windings, P, is the output active
power, w, is the virtual rotor angular frequency, and wy is the
grid frequency. The function of the shaft power Py, regulated
by a governor is shown in (7).

Pgoy = Py — kp(wm — wpase) @)

where k;, is the droop coefficient and wps, is the nominal grid
frequency. The block “Q droop”, as well as the design details
of all blocks in Fig. 10, and the tuning of VSG parameters, are
all explained in [27] and hence will be omitted in this work.
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FIGURE 10. Eigenvalue loci with changing of k; ;.

In the previous research works of VSG applications for the
VSIs [26], [27], [36], the output active power of the converter
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was drawn directly from the energy storage element in corre-
spondence to the phase angle difference between the inverter
output voltage and the grid voltage. Hence, the output power
of such VSG control can be regulated by merely controlling
the output voltage. However, due to the lack of energy storage
elements in the present work, the output power of the IBMC
must be controlled by the input power command of the VSR
side, as the output power will follow the controlled power
flows from the VSR to the fictitious dc-link before reaching
the output network. Thus, the output power of the IBMC can
no longer be controlled with the output voltage control alone.

If we consider the swing equation (6), it can be concluded
that the inertial response is created by the power exchange
between the power of the mechanical rotor (Pg,,), which
is controlled by the governor, and the power injected to
the grid (P,,;), which is influenced by the output network
variables such as frequency and phase angle. Hence, in order
to create a proper inertial response, the input power command
needs to be regulated to mimic how the output power of SGs
exchanges power with the electrical grid according to the
power angle. Contrarily, if the powers command of VSR is
delivered by methods such as average dc-link voltage control,
P,,: will be independent of the change in the frequency of
the output network. Thus the power exchange between the
mechanical rotor and the electrical grid of SGs will not be
recreated. The power command of VSG control can thus be
determined with the help of the equation of the active power
flow in a two-bus bar system [48] shown in (8).

Vo Ve

o

Poyr =

siné ®)

where V,, is the output voltage amplitude, V¢ is the output
filter’s capacitor voltage amplitude, X, is the output filter
reactance, and § is the phase angle difference between DG and
grid. Assuming V,,, V. and X to be constant and sin § ~ § for
a small phase angle, P, is equal to K§ when K = V.V, /X,.
However, since the value K of the proposed control is not lim-
ited by the physical values of the system like real SGs and can
be arbitrarily selected to optimize the system performance,
P,y: of the proposed VSG control can be rewritten as.

Pour = k88 (9)

where ks is the optimized synchronizing constant, and § can
be determined with the following equation (10).

5= / (m — wprr) di (10)

With (9)—(10), the active power command for VSR is
obtained as depicted in Fig. 8. As for the reactive power
command of VSR, it is set to zero for unity power factor
operation.

2) THE GENERATION OF THE CURRENT COMMAND FOR
FCS-MPC

In the CSI side, the voltage command for the FCS-MPC is
obtained with the VSG control scheme in Fig. 8. However,
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to achieve resonance damping, both voltage and current con-
trol must be embedded into a single loop control, as depicted
in Fig. 8. Therefore, the current command must be provided
for the FCS-MPC. The current command can be determined
by considering the relationship between the inverter output
voltage, the output current, and the capacitor phase voltage
shown in Fig. 1. It can be described in a stationary (¢8) frame
with Eq. (11).

Veof = Vo,apf + io,aﬂ(Ro +J(X0)) (1D

where v, op is the capacitor voltages, i, g the output current
and v, g is the output voltages. X, denotes the filter reactance
and R, denotes filter resistance. If we consider that the v, 44
in (11) equals to the voltage command described by E* and 6*
from the VSG control, the currents references i, and i} can
be expressed as illustrated in (12), and they will be used as
the current command for the CSI side of the FCS-MPC.

| E*cos6* Voo
[i;;] =Y {|:E*sin9* | vop (12)

R, X
_ 1 o o
WheI'CY—RgTXE[_XO RO]

3) STABILITY AND TRANSIENT PERFORMANCE ANALYSES
The modification of the VSG control explained in
section III-A.1, suggests the use of wpyy to determine the
output power command. However, the dynamic response of
the phase-locked loop (PLL), which is given by (13), is lower
than the real w, and this might affect the performance of
the modified VSG control. In order to study the influence
of the PLL toward the stability and transient performance
of the VSG control, a state-space model for the proposed
VSG control (with PLL) is obtained as given in (14)—(20).
The model and the transient response of the PLL is well
discussed in [49]. The transient response can be described
with the following expression.

wpLr(s)  kppus + kipu
wg(s) 2+ kp.pus + ki pi

Gy (s) = (13)

Since the dynamic response of the FCS-MPC is fast,
the output power is assumed to be equal to the power
command. Then the state-space model can be expressed as
follows.

(14)

X =Ax+ Bu—+Ew
y=Cx

where x, u, w and y are states, input, disturbance and outputs
vectors, respectively, and

T
y = [Aa)m APoy ACUPLL] (15)
T
X = [Aa)m APy f Aberr pit Aberr pil ]
u= APy
w = Aw, (16)
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r—(,+D) -1 Dk; piy Dky pii
Jw, Jw, Jw, Jw,
A= ks 0 —kskipn  —kskppu | (17)
0 0 0 1

L 0 0 —ki pit —kp.pii
_ 1 T

B— 0 0 0 } (18)
L Jw,

E=[0 0o o 1] (19)
1 0 0 0

c=|0 1 o 0 (20)
L0 O kipn Kkppu

where 8err,pll = f (a)g — wprL)dt.

It is clear that the poles of Y (s)/W (s) transfer function are
available in the eigenvalues of A. The loci of eigenvalues of
A with a variation of k; p;; is shown in Fig. 10 when &, ,; is
selected according to [49]. First, it can be seen in Fig. 10 that
all the poles of the system located on the left half of the
s-plane, which implies that the system is stable. It is also
shown in Fig. 10 that if the PLL has a rather quick dynamic
response (if k; py; is large enough), the effect of the third pole
that locates near the dominant poles will be lessened as it is
located farther to the left of the two dominant poles. In this
case, the response of the system will be mostly defined by the
two dominant poles, as can be described with the following
expressions [50]:

ks
y = — 21
@ Jawo @D
k, +D
(= —Lt— (22)

2 ks wy

where w, is the undamped natural frequency, and ¢ is the
damping ratio. However, as shown in Fig. 10, even with a
properly designed PLL with a fast dynamic response, the
locations of the two additional poles are not far enough to the
left of dominant poles, their effect cannot be totally neglected.
Hence, the response of P,,; will be slower than the previous
VSG controls, thus finally results in a less inertial response.
This can be interpreted as a delay effect of the PLL, because
unlike the VSG system with an energy storage element, P,
of the proposed control is not dispatched directly from the
energy storage element. It is instead regulated by the power
command, which depends on the wprz. This is crucial for
VSG control, as P,,; needs to react quickly to the power
imbalance in order to create a proper inertial response. Since
ks of the proposed VSG control is not limited by the physical
values of the system and can be arbitrarily selected, we can
find an optimal value of ks by studying the effect of adjusting
ks with the loci of eigenvalues of A, as shown in Fig. 11.
It indicates that increasing ks leads to an increase in wy,.
This can compensate for the delay effect of the PLL. Hence,
ks = 2.5*V.V,/X, is chosen for the proposed control.
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FIGURE 11. Eigenvalue loci with changing of k;.

B. FCS-MPC DESIGN

In this work, the FCS-MPC is chosen for the implementation
of VSG control instead of PWM-methods based on two main
reasons. First, the modulation index of CSI PWM is not
adjustable because the zero current vectors cannot be used
in IBMC topology, as discussed in subsection II-B. Without
zero current vectors, the PWM cannot control the amplitude
of the output voltage according to the voltage command of
VSG control. This implies that, with the PWM-based method,
the ability of VSG control to regulate reactive power accord-
ing to the Q-V droop cannot be recreated, and the amplitude
of the output voltage cannot be maintained during islanded
mode as discussed in Section II-C. Second, although the
output amplitude of CSI can be indirectly controlled through
the modulation of VSR PWM, proper tracking of voltage
command cannot be ensured due to the complex coupling
between the rectifier and the inverter controls, as discussed
in section II. The FCS-MPC, on the other hand, utilizes
the system model and the real-time values of the system
to determine the optimized converter’s physical switching
states directly. Thus it enables proper tracking of voltage
and current commands even without the use of zero current
vectors of CSI.

The FCS-MPC is also applied in the VSR side of the IBMC
because of the faster dynamic response of the FCS-MPC
compared to the PWM-based methods. This is crucial for the
proposed VSG control, as the inertial power is provided from
the power control of the VSR side.

1) IBMC SYSTEM MODEL

In order to use MPC to forecast the future values of the
system variables, first, the mathematical model of the system
is required. Therefore, the adopted models for both CSI and
VSR sides will be explained in this section.

To realize a DG that can operate in both grid-connected and
islanded modes, the inverter output voltage and inverter cur-
rent controls should be the objectives of MPC for the CSI side.
Thus, the model of a three-phase CSI with output CL-filter,
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as depicted in Fig. 1 is utilized to forecast the voltage and
current outputs of the system. This model can be described
in af-frame using capacitor dynamics equation (23) and
inductance dynamics equation (24).

dve . .
dlc =l — o (23)
di

od_l‘o =Vc—Vo (24)

T T .
[Vc,avc,ﬂ] » Vo = [Vr),avo,ﬁ] yline =
. . T . LT .
[iinv,aiimv,p]” and i, = [ip.aio,p] are capacitor voltage, out-
put voltage, inverter current, and the output current, respec-
tively. These equations can be rewritten as follows (25):

where v, =

x = Ax + Bv, + Byi, (25)
. 1
io.a 00 I (1)
where x = b 1A = (1) 00z B =
Ve,a C 000
Ve, B 0 % 00
1
TEANNNEE
0 -7 and. By = 1
0 ¢ 0
0 0 0 —%

A discrete-time model of the system derived from (25),
using the general forward-difference Euler formula, for a
sampling time 7T can be expressed in (26).

x(k+1)=Aux (k) +Byv, (k) + Bgyi, (k) (26)

where A, = AT B, = [['A"Bdr and By =
fOTx A" Bydt. From (25)-(26), it can be seen that the future
values v.(k+1) andi, (k + 1) can be determined according to
inverter stage current i;,, (k). For each active current vectors
(SC1-SC6) of CSI, the inverter stage current i;,, (k) is defined
as follows:

iimy (k) = [ Sap — San Sep —Sen 1 ipc (27

where Sup, Spp, Seps Sans Sbns Sen represent the switching
states of the six switches in the inverter stage, as depicted
in Fig. 1. The value of the switching state consists of 1 and 0,
for which it represents the closed and open states, respec-
tively. As shown in (27), although only active current vectors
(SC1-SC6) can be used in the CSI of IMBC, by predicting
the inverter output variables corresponding to all possible
current vectors, the switching state that produces the desired
amplitude and phase of the inverter output variables can be
found. In contrast to the modulation method of the PWM-
based control, which only follows the phase angle reference
and only utilizes two nearest space vectors to the reference
phasor to generate output current, the FCS-MPC certainly has
more freedom to select an optimal switching state to fulfill the
inverter control goal.

To accomplish the grid frequency supporting feature of
VSG, the input active power must be controllable, as active
power and grid frequency have a direct relationship. Addi-
tionally, the reactive power should be kept at zero to achieve

pr — Sbn
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unity power factor. Therefore, the control objectives of MPC
for the VSR side are active and reactive power controls. The
model of a three-phase voltage source rectifier with input
L-filter depicted in the VSR side of IBMC in Fig. 1 is uti-
lized for input active and reactive powers predictions. This
model can be derived in o8-frame with inductance dynamics
equation (28).

b= v, + iR+ L 8)

dr

where v; is the source voltage, v, is the rectifier voltage, iy is
the source input current and R; is the input filter resistor.
Derived from (28), the rectifier instantaneous input active and
reactive powers from the source can be described with the
following equations.

3 - 3

Piy = §Re {ins} = > (VSOll.SOt + Vsﬁisﬂ) (29)
3 - 3

Qin = Elm {Vsis} = 5 (VSOtiS,B - Vsﬂisa) (30)

where (*) indicates the complex conjugate operation. The
equations (29)-(30) can be rewritten in discretized forms as
follows [43].

,
“3 (

R;
Ointk +1) =T, |:a)inPin(k) - EQin(k)

Pulk+1) =T, [—%Pw«) — 0Ok

2
Vs

—Re {vsm)} +Puk) (D)

- %Im {VAW}:| + Qin(k) (32)
where P;,(k 4+ 1) and Q;,(k + 1) are the forecasted active
and reactive powers, respectively and w;, is the input source
voltage frequency. Thus, the future value of input active and
reactive powers of the DG for all voltage vectors can be
predicted using the measured values of source voltage, source
current and system parameters such as R; L, and w;,, and
a set of possible rectifier voltages. The rectifier voltage for
each voltage vectors (SV0-SV7) is defined according to the
following expression:

v, (k) = [Sap — San Sy — San Scp — Scnl upc  (33)

where Sap, Sgp, Scp, San, Seu, Scu represent the switching
states of the six switches in the rectifier stage, whose value
is 1 or O for the closed state and open state, respectively.

To prevent a short circuit in the antiparallel diodes of
VSR, the dc-link voltage must always be positive. To ensure
this, we must predict the value of dc-link voltage for each
switching state using the capacitor voltages v, which can be
done according to the following equations.
pr — Spn

upc = [Sap — San Sep — Sen ] * ve (34)
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2) COST FUNCTION DEFINITION
Contrarily to classical control schemes, the presence of the
cost function allows the FCS-MPC to take into account a
number of control goals, and to control different state vari-
ables simultaneously. Therefore, it is highly relevant to define
the cost function properly. For the control of IBMC, variable
quantities of both sides of the converter must be considered
to make the whole system operate correctly.

In the CSI side, the control system is set to track the voltage
and current references, simultaneously. This can be achieved
by defining a cost function as follows.

gest = k(e pu (K + 1) — VZﬁ,pu)z
Vil appu K+ 1) =55 )" +gm (39

T
where, v(’;ﬂ = [v;‘[ vj;] is the reference vector of the capac-

T
itor voltage, iy = [13 12] is the reference vector of the

inductor current, veqp(k + 1) = [ve.q Ve, ﬁ]T is the predicted
capacitor voltage and if og(k + 1) = [zjf,o, zjf,,g]T is the
predicted inductance current, and the subscript pu indicates
the per-unit value. g, is a constraint, which is included in the
cost function to ensure that dc-link voltage never becomes
negative. It can be defined with the equation (36).

108, k+1) <0
R R (36)
0, upck +1) >0

In the VSR side, the control objectives are to control input
active and reactive power according to the input commands.
This can be achieved by defining the cost function as follows

gusk = (Pin(k + 1) = P5)* + (Qu(k + 1) — Q5> (37)

where, P} and QF are the input active and reactive power
commands, respectively.

Although the FCS-MPC is capable of controlling different
variables at the same time through the modification of the
cost function, the tuning of the weighting parameters is a
highly complex task when a number of terms exist in the
cost function. This issue is considered as one of the most
critical open topics for the FCS-MPC. In the literature, dif-
ferent approaches have been thoroughly analyzed, and several
solutions have been proposed [44]-[47].

In this paper, the weighting parameters exist in cost func-
tions (35) and (37). However, the controls of active and reac-
tive powers in (37) are equally important, and the weighting
parameters can be omitted from the cost function. In the case
of CSI, to properly tune the weights in (35), the system has
been initially simulated in a steady-state condition (P}, =
S5kW, Q;-*n = Ovar) using the PSCAD/EMTDC software.
The ratio between the weighting parameters &, and k; has
been arbitrarily set equal to 1:1. Subsequently, the THD of
the output currents during steady-state in the grid-connected
operation and the ability of the controller to synchronize
with the grid have been analyzed for different weighting
parameter ratios, as concluded in Table 2. Conclusively, a
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TABLE 2. FCS-MPC weight parameter tuning.

k,: Kk, ratio Current THD Synchronization
1:1 10 % OK
1:2 5% OK
1:3 2.5% OK
1:4 - Failed

higher ratio of k; compared to k, helps to reduce the current
THD. However, as k; keeps increasing, the controller’s ability
to track voltage command worsens, which leads to a failure
in grid synchronization. Hence k, : k; equal to 1:3 has been
selected for the proposed controller.

3) FILTER RESONANCE DAMPING

To ensure proper operations, the IBMC requires an induc-
tive input filter on the VSR and a capacitive output filter
on the CSI. However, in order to improve the quality of
the waveforms, CL-filter is usually preferred. Nevertheless,
the presence of resonance frequency has to be taken into
account since the FCS-MPC possesses a variable switching
frequency. It might generate harmonics components at the
resonant frequency of CL-filter at a certain operating point.
However, this will result in resonance, if only the output
inverter current i, (s) is directly controlled, whereas the
capacitor voltage v.(s), is indirectly controlled by the current
and thus highly dependent on filter impedances.

The proposed FCS-MPC utilizes a multivariable system to
control both v.(s) and i, (s) simultaneously. This is different
from conventional cascade control of voltage and current,
where settling time of the inner loop must be significantly
faster than the settling time of the outer loop. Therefore, at the
resonant frequency where v.(s) and i, (s) are oscillating with
the same dynamics; the control of the outer loop is not fast
enough to provide a damping effect. Contrarily, the multi-
variable control of the FCS-MPC is conducted at the same
bandwidth. This ensures that the regulation of v.(s) can damp
the distortion caused by the harmonics of i,, (s) and the control
of i, (s) is able to reduce the disturbance caused by the har-
monics of v.(s). Hence, by controlling both CL-filter voltage
and current at the same instances, the frequency response
of the filter is no longer influenced by its impedance alone.
Thus the uncontrolled resonant energy oscillation between
the inductances and the capacitance is effectively avoided.
This concept has been successfully applied in the FCS-
MPC-based grid-connected VSl in [36], whereas similar con-
cepts were also proposed in [37]-[39] for the grid-connected
FCS-MPC-based AC/DC converter.

IV. SIMULATION AND DISCUSSION

In order to evaluate the performance of the proposed con-
trol scheme, simulation-based comparative studies between
the proposed scheme and the investigated existing method
are performed in the PSCAD/EMTDC environment. The
simulation parameters are given in Table 3, In order to
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TABLE 3. Simulation parameters.

Parameter Value Parameter Value
Shase 5kVA ] 0.28 kg - m?
kp 40 pu D 200 pu
Vbasea 200V ks 70000
Ti.Pll 0.5s kp_pu 0.1
Whase = Wgrid 376.99 rad/s

generate a comparable average switching frequency with
the PWM-based method, the sampling frequency for the
VSR (f's.vsr,mpe) 1 selected at 40 kHz and the sampling fre-
quency for the CSI f ¢si mpc of the FCS-MPC-based control
is selected at 20 kHz, respectively. This brings about the
measured average switching frequency around 19 kHz for
VSR and 7 kHz for CSI of the FCS-MPC-based control,
respectively.

A. NORMAL OPERATION

The performance of the proposed VSG control for the IBMC
is verified with simulations of the test circuit displayed
in Fig. 8. Initially, the DG system is connected to the grid
with the reference active power of DG (Py) equals 4 kW and
reference reactive power of DG (Qg) equals 1 kvar. The power
commands are changed to 5 kW and O kvarat T =3 s. The DG
system is then set to operate in islanded mode at T = 5 s. The
load initially connected to the system is 3 kW + 1 kvar, and
itis increased to 5.5 kW + 0.05 kvar at T = 7 s. The phase-A
input current and the phase-a output current during the grid-
connected operation of the proposed method in the event of
power command changing at T = 3 s is illustrated in Fig. 12.
The figure shows that the input and output current waveforms
are smoothly changed when the power command is changed.
The zoom-ups of the dc-link voltage, the input current, the dc-
link current, and the output current for the grid-connected
operation are depicted in Fig. 13. This figure shows that
both input and output current waveforms are sinusoidal, and
neither voltage nor current spikes are observed on the dc
capacitor. Therefore the converter is operating properly.
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FIGURE 12. Simulation results of transient waveforms of the phase-A
input current, and the phase-a output current of the proposed method
during power command changing in the grid-connected mode.
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FIGURE 13. Simulation results of steady-state waveforms of the the
dc-link voltage, the phase-A input current, the dc-link current, and the
phase-a output current of the proposed method during the
grid-connected mode, from top to bottom, respectively.

The proposed VSG-based control is inherently capable of
islanded operation like a traditional SG. To illustrate this
feature, the phase-A input current, the phase-a output voltage,
and the phase-a output current are displayed in Fig. 14.
This figure clearly shows that the controller is capable of
riding through the grid islanding while producing sinusoidal
waveforms of voltage and current in both modes of operation.
The output active and reactive powers, the output frequency,
and the output voltage amplitude for the whole simulation are
illustrated in Fig. 15. It can be seen that the system quickly
and seamlessly commutates from the grid-connected mode
into the islanded mode, supplying the required 3 kW + 1 kvar
of power to the local load. The system is also able to react

50

ix(A)
o

Grid islgnding
I
|
|
L
i
|
|
I

200

Vo,alV)

30 Grid istanding

4.8 4.9 5.0 5.1

FIGURE 14. Simultion results of transient waveforms of the phase-A
input current, the phase-a output voltage, and the phase-a output current
of the proposed method during grid islanding.
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FIGURE 15. Simulation results of the output active and reactive power,
the output frequency, and the output voltage amplitude of the proposed
control scheme, from top to bottom, respectively.
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FIGURE 16. Simulation results of transient waveforms of the phase-A
input current, the phase-a output voltage, and the phase-a output current
of the proposed method during load transition in the islanded.

to change in load during islanded operation, as evidenced
in Figs. 15 and 16, where waveforms of the phase-A input
current, the phase-a output voltage, and the phase-a output
current are depicted. The output frequency and the output
active power of the control system in Fig. 15, are illustrating
how the system is settling to operate at a different frequency
according to the droop characteristic, whereas the output volt-
age amplitude of the system is maintained around the nom-
inal value (Vpgseq) throughout the operation. Furthermore,
the change in output frequency during the load transition in
islanded mode demonstrates the inertial response of the con-
troller, as the output frequency slowly decreases from around
378.5 rad/s to around 376 rad/s. The reduction of frequency
occurs for around 1 s until the new frequency set point is
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reached. This is a typical VSGs performance, as analyzed
in [26], [27]. The zoom-ups of the dc-link voltage, the input
current, the dec-link current, the phase-a output voltage, and
the output current for islanded operation illustrated in Fig. 17,
indicates that current and voltage are almost sinusoidal even
without a passive damping resistor.
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FIGURE 17. Simulation results of steady-state waveforms of the dc-link
voltage, the phase-A input current, the dc-link current, the phase-a output
voltage, and the phase-a output current of the proposed method during
the islanded mode, from top to bottom, respectively.

Lastly, the THD of input and output currents of the pro-
posed control during steady-state are concluded in Table 4.
Compared to Table 1, it is clearly shown that the proposed
control can achieve comparable and even superior resonance
damping ability compared to the exiting method with a
damping resistor.

TABLE 4. Current THDs for the proposed scheme.

Condition Output current Input current

THD THD
The proposed method during grid- 39 ~15%
connected mode
The proposed method during islanded 9% <1 9%

mode

B. OPERATION IN THE PRESENCE OF MODEL
UNCERTAINTY

In practice, the real values of the inductance and capacitance
could deviate from the supposed ones, especially on the
grid side due to the presence of the line impedance. Here,
to explore the robustness of the proposed control, the perfor-
mance of the proposed control scheme is examined when the
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model used for prediction is not accurate. The simulations
of the test circuit shown in Fig. 8 are conducted again with
mismatches between the parameters used for prediction and
real system parameters. In the first case, the values of output
filter inductance and capacitance are changed from 3 mH and
30 wF to 2.5 mH and 25 uF, respectively. Then in the second
case, the inductance and capacitance are changed to 5 mH
and 40 uF, respectively. The parameters used for prediction
and other parameters are the same as the previous case.
The output active and reactive powers, the output frequency,
and the output voltage amplitude of Case 1 and Case 2 are
illustrated in Fig. 18. and 19, respectively. For both cases,
the predictive controller is able to achieve proper control
similar to the case when the model of the system is accurate.
Hence, we can conclude that the proposed FCS-MPC is not
sensitive to uncertainty in prediction parameters.
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FIGURE 18. Simulation results of the output active and reactive power,
the output frequency, and the output voltage amplitude of the proposed
control scheme with uncertainty in the prediction model (casel).

C. INERTIAL RESPONSE

To demonstrate the inertial response of the VSG when the
load is increased from 3 kW + 1 kvar to 5.5 kW + 0.05 kvar
during the islanded operation, the simulations of the test
circuit displayed in Fig. 8 are conducted again with the same
simulation parameters. However, different values of param-
eter J are simulated in order to study the responses of the
output active power and the converter frequency, as shown
in Fig. 20. From this figure, it can be seen how the frequency
of the VSG with larger inertia constant is more reluctant to
change, and an increase in the inertia constant leads to an
increase in settling-time of the output frequency. However,
it is indicated in the same figure that larger inertia constants
result in larger ripples of the active power in steady-state.
Nevertheless, from these results, we can clearly conclude that
the proposed VSG control is capable of providing an inertial
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FIGURE 19. Simulation results of the output active and reactive power,
the output frequency, and the output voltage amplitude of the proposed
control scheme with uncertainty in the prediction model (case2).
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FIGURE 20. Simulation results of tThe measured output frequency and
output active power of the proposed method when the output load is
changed from 3 kW + 1 kvar to 5.5 kW + 0.05 kvar during islanded
operation mode.

response even without the presence of an energy storage
element. It is also noticeable that the transient response of
P,y is slightly lower than the typical VSGs performance
analyzed in [26], [27] due to the delay effect of the PLL. This
effect can be lessened with an increased kg, as discussed in
the stability analysis of section III-B.

V. EXPERIMENTAL VERIFICATION

To verify the simulation results, a scaled-down version of
the simulation circuit depicted in Fig. 8 is conducted with
the testbed illustrated in Fig. 21. Three-phase 30 Hz / 40 V
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FIGURE 21. Testbed for experimental verification.

(line-to-line RMS) input ac-source and 60 Hz / 60 V (line-
to-line RMS) stepped-down grid voltage are considered for
the experiment. The parameters indicated in Fig. 1 were
respectively realized as follows, L; =7mH, R; =0.1 Q, L, =
4mH, R, =0.1 2, C =30 uF and 2 uF for fictitious dc-link
capacitor. These values are chosen from those available in the
laboratory. Spase and Vpgge are changed to 150 W and 60 V,
respectively. ks is set to 2.5* Vbzas ./ X0, whereas other control
parameters are adopted from the simulation study, as con-
cluded in Table 3. The experiment scenarios are adopted
from the simulations. First, the IBMC is set to operate in
grid-connected mode, and then it is islanded from the grid
and operates independently to supply local load. This is done
to verify the grid-forming ability of the proposed control.
Then the load changing is performed in the islanded operation
to demonstrate the inertial behavior of the controller. Both
the CSI and the VSR are controlled by a digital control unit
Myway PE-Expert IV, and the presented data are internal vari-
ables of the control unit, which are recorded using the embed-
ded function of PE-View X, the software interface of Myway
PE-Expert IV, which can illustrate 100k data per second with
14-bit resolution for 16 channels. It is notable that the oscil-
loscope presented in Fig. 21 is only used for monitoring the
synchronization process of the proposed control system based
AC-source with the grid during the experiment. Additionally,
HIOKI PW6001 Power analyzer was used to measure the
THDs. To imply the FCS-MPC-based control, the sampling
frequency for the VSR (f'; 5 mpe) 18 selected at 35 kHz for the
CSI 5, esi,mpe at 20 kHz, respectively, which results in variable
switching frequency with average values around 15 kHz for
VSR and 10 kHz for CSI in the steady state condition.

By comparing the experimental results displayed in
Figs. 22 and 23 to the simulation results displayed
in Figs. 13 and 17, it can be concluded that all comments
on simulation results still stand for the experimental results.
The dc-link voltage, the phase-A input current, the dc-link
current, and the phase-a output current for the grid-connected
operation are depicted in Fig. 22. This figure shows that both
input and output current waveforms are sinusoidal. Addi-
tionally, the measured THDs up to the 50th order are also
displayed in Fig. 22. It indicates that the THDs of the input
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FIGURE 22. Experimental results of steady-state wavwforms of the
dc-link voltage, the phase-A input current, the dc-link current, and the
phase-a output current of the proposed method during the
grid-connected mode, from top to bottom, respectively.
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FIGURE 23. Experimental results of steady-state wavwforms of the
dc-link voltage, the phase-A input current, the dc-link current, the phase-a
output voltage, and the phase-a output current of the proposed method
during the islanded mode, from top to bottom, respectively.

and output currents are around 2.0% and 5.0%, respectively.
This approves the results of the simulation study that the
low order harmonic distortion due to the effect of CL-filter
resonance can be suppressed by the multivariable control of
filter voltage and current. Hence, the THDs of around 5.0%
can be achieved even without a passive damping resistor. The
dc-link voltage, the phase-A input current, the dc-link current,
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FIGURE 24. Experimental results of the output active and reactive power,
the output frequency, and the output voltage amplitude of the proposed
method during the grid connected mode, islanded mode and load
changing transition in islanded mode from top to bottom, respectively.
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FIGURE 25. Experimental results of transient waveforms of the phase-A
input current, the phase-a output voltage, and the phase-a output current
of the proposed method during load transition in the islanded.

the phase-a output voltage, and the phase-a output current
for the islanded operation illustrated in Fig. 23 indicates that
current and voltage are also sinusoidal during islanded opera-
tion. The even lower THDs than grid-connected operation are
observed for both input and output currents, which amount
around 1.5% and 2.5%, respectively.

The output active and reactive powers, the output fre-
quency, and the output voltage amplitude throughout the
experiment scenarios are illustrated in Fig. 24. The input
active and reactive powers are set to follow the reference
values of P}, = 150W and Q}, = Ovar. It can be seen
that the system quickly and seamlessly transfers from the
grid-connected mode into the islanded mode, supplying the
power to a 20 2 local load, whereas the output voltage
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amplitude of the system is maintained around the nominal
value (60V) throughout the operation. The system is also able
to react to the load changing during islanded operation when
another star-connected 50 €2 local load is connected, as shown
in Fig. 24 at T = 19 s and Fig. 25, where waveforms of
the phase-A input current, the phase-a output voltage, and
the phase-a output current are depicted. The results of the
output frequency and the output active power verify the char-
acteristic of VSG control, as discussed in section IV. Hence,
the experimental results clearly validate the effectiveness of
the proposed control scheme.

VI. CONCLUSIONS
The investigation on the IBMC has shown that the relevant
existing control method is not explicitly designed for DG
applications, and shortcomings such as the incapability of
both grid-connected and islanded operation, the lack of vir-
tual inertia, and the generation of distorted output current,
exist in the control system. To solve these problems, a novel
control scheme based on multivariable FCS-MPC for the
implementation of VSG is proposed in this paper.

Comparative studies between the proposed control
schemes and the existing method performed in PSCAD/
EMTDC simulation have demonstrated that the proposed
grid-forming control scheme offers many advantages over
the existing methods, which utilize a grid-following strategy.
For instance, thanks to the deployment of the proposed VSG
control, the controller can provide the inertia property from
the power source to support the grid frequency stability
and is also capable of operating independently in islanded
operation, maintaining the control of output voltage and
output frequency actively. The utilization of the FCS-MPC
ensures that an intricate coupling between the input control
and output control of the IBMC is avoided and thus allowing
anatural inclusion of VSG into the control system. Lastly, the
proposed scheme generates approximately the same amount
of current THD even without damping resistor to the existing
PWM-based method with a damping resistor, owing to the
inclusion of several control targets, variables, and constraints
into a single cost function for simultaneous control.

The effectiveness of the proposed control is also verified in
a scale-down experiment, which highlights the grid-forming
ability, the inertial behavior, and the active damping feature.

The presented work is an initial step to apply a VSG
control in an AC/AC converter without a bulky energy stor-
age element, and for future steps of this work, conducting
experimental tests for a higher rating of IBMC are con-
sidered for evaluating and validating the proposed control
strategy. Furthermore, supplying other loads, such as nonlin-
ear and constant power loads to the proposed system, is also
considered.
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