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Abstract—A barrier to achieving high switching frequencies
for the popular voltage-sourced inverter (VSI) topology is that
the output voltage of a VSI is subject to significant changes
instantaneously. The current-soured inverters (CSI) avoid such
shortcoming and have been applied in grid-following inverters
for photovoltaic (PV) solar. This paper presents the dynamic
performance of a CSI grid-following PV solar operating with a
weak grid. The simulation is carried out in MATLAB/Simulink
with SimPowerSystems toolbox. The case study results illustrate
the operation limits of a grid-following CSI and how those limits
are associated with voltage stability and CSI’s control settings.

Index Terms—PYV solar, current-sourced inverter (CSI), grid-
following inverter.

I. INTRODUCTION

NVERTER-based renewable energy resources, e.g., pho-

tovoltaics (PVs) solar, are installed world wide. A grid-
connected inverter serves as the interface between a PV solar
and the power grid.

Currently, the voltage-sourced inverter (VSI) is the most
common inverter topology for PV integration. The advantages
of the VSI include its simple structure, relatively low power
losses, and voltage controllability. However, due to the nature
of the VSI, the output voltage is subject to instantaneous
changes and contains high-frequency harmonics. An alter-
native topology for converters, the current-sourced inverter
(CSI), can avoid such shortcomings. Compared to a VSI, the
capabilities of voltage-boosting and current controllability of
the CSI are essential. As a recent paper on wide-bandgap
power electronic devices [1] indicates, the newly designed
power-electronic modules can significantly improve the power
losses due to high switching frequency for the CSIs. Trending
technology could make high-power CSIs become a strong
alternative in the future. Additionally, the dc-dc converter that
is necessary for the PV system connected to the VSI can be
dispensed with the CSI being applied [2]-[4].

Although CSIs are capable of handling the interconnection
of grid-tied PV systems, the low-order harmonics from a
CST’s output current cannot be ignored. In turn, passive filters,
usually CL filters, are necessary to handle the low-order
harmonics [5]-[7].

As VSI-based systems have been studied by many textbooks
and literature [8]-[11], the CSI-based system deserves an in-
depth study and research. In this paper, operation of a CSI-
based PV solar interconnected with a weak grid is investigated.
An electromagnetic transient (EMT) simulation testbed is built
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based on the CSI module developed from [3] and implemented
in MATLAB/Simulink-based SimPowerSystems environment.
First, the modeling and control details are reviewed, including
the PV array implementation, IGBT-based CSI structure, and
current control of the grid-following CSI. Second, based on the
testbed, a series of dynamic events are designed and simulated,
such as weak grid connection, followed by the analysis of the
dynamic performance.

The main contribution of this paper is the weak grid opera-
tion analysis of a grid-following CSI, which offers insights into
the relationship between the operation limits and the control
settings.

The rest of the paper is presented as follows. Section II
presents the detailed implementation of the grid-following
CSI-based PV testbed. The case studies developed based on
the simulation testbed is presented in Section III. Section IV
concludes the paper.

II. GRID-FOLLOWING CSI-BASED PV SYSTEM

The study system is a grid-following CSI-based PV testbed
as shown in Fig. 1. A 100-kW PV solar array provides DC
power to the three-phase IGBT-based CSI. An inductor, L4,
is installed to smooth the DC-side current flow. The AC-side
filter is implemented with a shunt capacitor, C, a resistor, R,
and an inductor, L. The point of common coupling (PCC) is
on the bus after the inductor. A step-up transformer is placed
at the PCC bus to boost the voltage to transmission level. An
RL type of transmission line connects the transformer to the
grid, represented by an infinite bus. The system parameters
are shown in the Table 1

TABLE I: Parameters of the EMT testbed

Category Description Parameter Value
System Rated Power Py, 100 kW
Rated Voltage Vn 380 V, 20 KV
Nominal Frequency fn 50 Hz
Passives DC-side inductance Lge 5 mH
Choke reactance X 0.44 p.u.
Choke resistance R 0.14 p.u.
Shunt capacitor susceptance Beo 0.02 p.u.
X/R ratio X/R 10
Line reactance Xg 0.01 p.u.
Controller Switching frequency fsw 2550 Hz
DC current controller Ky e, Ki de -0.002, -0.02
AC current controller p,acy Ki ac 0, 500

The PV solar array assumed in this paper is based on the
SunPower SPR-305E-WHT-D module. There are 66 parallel
strings of PV panels, and each string has 5 modules connected
in series. The rated power for each module is 305 W, and the
total output power of the PV array is about 100 kW. The full
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Fig. 1: Circuit topology and CSI control structure of a 100-kW grid-following CSI-based PV system.

TABLE II: Parameters of the EMT testbed

Parameter Value
Parallel strings 66
Series-connected modules per string 5
Module maximum power 305 W
Cells per module (N¢j;) 96
Open-circuit voltage Vo, 642V
Short-circuit current [, 5.96 A
Voltage at maximum power point Vi, 54.7
Current at maximum power point I 5.58 A
Temperature coefficient of Vo, —0.27269°C
Temperature coefficient of I 0.061745°C

specification of the PV array model is shown in Table II. The
I-V and P-V characteristics of the implemented PV array are
shown in Fig. 2. In the testbed, the temperature is fixed at 25
°C. The maximum power occurs at I, = 370 and 280 A
and V,,, = 270 V when solar irradiance is 1 and 0.75 kW/m?
respectively.

A three-phase IGBT-based CSI is employed to deliver the
power from the PV solar array to the main power grid. Each
converter switch consists of an IGBT and a series-connected
diode [3] (Fig. 1).

Due to the switching, the terminal currents are pulsed as
shown in Fig. 2(b), while the capacitor voltages, vy, are close
to sinusoidal waveforms with harmonics, as shown in Fig. 3(d).
These are duals to the VSI’s output voltages and currents.

The relationship between the DC side current I,,, and
terminal current i, is as follows [3], [4].

&)

where m, p, . signifies the modulation waveforms for phase a,
b and c.

Fig. 3(a) presents how the modulation index impacts the
terminal current. The magnitude of the modulation index is

Lta,b,c = Ma,b,c* Ip’U7

Array type: SunPower SPR-305E-WHT-D;
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Fig. 2: I-V and P-V characteristics of SunPower SPR-305E-WHT-D. (a) I-V
curve. (b) P-V curve. Maximum power of 100 KW occurs at I, = 370 A
and Vp, = 270 V when sun irradiance is 1 kW/m?2.

increased from 0.5 to 0.8, at 0.5 seconds, while the input
current from PV is set constant at 280 A.

Fig. 3(b) shows that the peak value of the terminal current
is 280 A. The fundamental frequency component’s magnitude
is shown tracking the modulation index’s change.

For a grid-following system, the synchronization between
the renewable energy resources and the power grid is impor-
tant. A three-phase phase-locked loop (PLL) with automatic
gain control and a moving average filter (‘“Variable Frequency
Mean Value” block) [12] is applied to track the angle of
terminal voltage, vy, for reference frame change and Park’s
transformation of measurements. The PLL structure is shown
in Fig. 4.

The CSI's control structure is shown in Fig. 1, where
the outer control loop achieves DC current control, which
regulates the PV’s output dc current. The inner control loop
is for AC current control and its reference frame is aligned to
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Fig. 3: CSI output response when the modulation index increases from 0.5
to 0.8 at 0.5 seconds: (a) modulation signal compared with carrier wave; (b)
terminal current, 7¢ 4; (c) terminal current RMS value, /;; and (d) terminal
voltage fundamental frequency component, vy gpc-

!

Vi

N abe Variable ®
habe y| Frequency ' pip | Oscillator
dg Vi Mean Value Y

Automatic
Gain Contro

Fig. 4: The structure of the three-phase PLL.

the terminal voltage by use of the PLL output angle 6. The
three-phase current is converted to dg-components using ¢ and
fed into the inner AC current control scheme.

The input of the DC current control is the PV current
reference, I;v, and its output is the reference of d-axis AC
current, ¢;. The DC-side current dynamic is governed by

dl,, 1

dt ~ Lu (Voo

= Vac), 2

where V), is the PV array’s output voltage and V.. is the DC
voltage after DC-side inductor. By multiplying I, on both
side, Eq. 2 take the form:

iz, _ 2
dt Lgc

(va - Pdc)- (3)

On the controller’s reference frame (which aligns with the
terminal voltage at steady state), the real and reactive powers
can be expressed as follows.

Q=

3 .
P = —wqiq,

3
5 - *Utd@q 4

If the power loss in the power electronics devices is negli-
gible, P, is equal to the real power obtained in Eq. 4. Thus,

we update the dynamic equation to the following [5].

2
dz, 2 3

—(P,, — =
dt de( L)

The above model shows that to increase Ipv, we should
decrease i4. This is the reason that a negative sign is put before
a PI controller for the DC current controller (Gg.(s)) in Fig.
1.

Additionally, to compensate for the nonlinear dependence

Vtald) (5)

of the control on P,,, a feed-forward current, Ig, is
implemented (Iff = Pf}’:’d

The output of the DC current control, 7 4+ 1s then sent into the
AC current controller. The dg-frame modulation signals, m4
and m,, are computed and converted to a three-phase reference
signal for PWM generation. The inverse Park’s transformation
with the PLL’s output angle, 6, is used for the conversion.

III. CASE STUDY

In this section, case studies are conducted on the simulation
testbed to demonstrate the performance of the grid-following
CSI-based PV system under different conditions.

A. DC current regulation

As Fig. 1 shows, the PV output current, I,,, is controlled
by the DC current controller while the g-axis component
of PCC current order, zq, remains zero. Due to the PV’s
maximum power point tracking mechanism, when the sun
irradiance increases from 0.75 to 1 kW/m? and PV output
current increases from 280 A to 370 A, the PV voltage is kept
the same at 270 V and the maximum output power increases
from 75 kW to 100 kW. With these changes scheduled at 0.5
seconds, the responses of the testbed are shown in Figs. 5-8.
Fig. 5 presents the measurements of the PV output current,
1,,,, voltage, V,,,, and power, P,
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Fig. 5: Dynamic responses of Ipy, Vpy, and Pp, due to PV current reference
increases at 0.5 seconds.

Inside the DC current controller, the responses of Gg.(s)
output, Ipre—1,, Ier, and 7 are presented in Fig. 6. When DC
current reference increases, the error is positive. The output
of Gg.(s) decreases, which is shown by Fig. 6(b). However,



the irradiance increase causes I to increase. The sum of the
feedforward current and G.(s) output is the current order I;.
This order is subject to a decrease in the initial stage and then
an increase in the final stage.
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Fig. 6: DC current controller waveforms: (a) Ipy; (b) Ipre—145 (¢) Igp: and
() I3

Due to the increased injected current and power, the AC side
also experiences voltage, current, and power changes, corre-
spondingly. The three-phase waveforms of the CSI terminal
voltage, v, the voltage after filter, vy, and the current through
the PCC bus, 4, are shown in Fig. 7.
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Fig. 7: Dynamic responses of three-phase v¢, vpcc, and <.

Since the grid connection is strong, the voltage after the
RL filter shows little impact from the event. However, the
terminal voltage decreases in steady state, while the PCC
bus current increases. Fig. 8 gives a clear presentation of
magnitude changes of the filtered terminal voltage, current and
power injected into the grid.

Remarks: The increase in real power injection causes the
terminal voltage to decrease. This phenomenon is well known
and associated with voltage stability. Due to the steady-state
voltage stability limit, real power injection has a limit.
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Fig. 8: Magnitudes of filtered terminal voltage, current and power injected to
the grid.

B. Weak grid connection

When the grid impedance increases, the short circuit ratio
(SCR) measured at the PCC bus decreases. This may cause
the system to become unstable. In the testbed, a line tripping
type of dynamic event is implemented to increase the grid
impedance, X,. The event details are as follows. The overall
X/R ratio is kept at 10 and the PV output maximum power
is kept at 75 kW.

o Grid impedance, X, increases from 0.35 to 0.375 p.u.
o Grid impedance, X, increases from 0.35 to 0.376 p.u.

‘7 X, =0.375 pu. X, =0.376 pu.
285 ; : . T T
)
z 280
| | | | |
0.5 0.6 0.7 0.8 0.9 1
(@)
270 . . . T T
z
L 265 —
>
260 | | | | |
0.5 0.6 0.7 0.8 0.9 1
(b)
280 . ! ! . .
< 270
2 260 B
250 | | | | |
0.5 0.6 0.7 0.8 0.9 1
(©)
x10
T T T T T
g 15L
LB7al 4
| | | | |
0.5 0.6 0.7 0.8 0.9 1

@

Time (sec)

Fig. 9: DC side waveforms when grid impedance increases: (a) Ipy; (b) Vpu:
(¢) Vpc, and (d) Ppy. When X increases to 0.375 p.u., the system remains
stable (Blue). When X increases to 0.376 p.u., the system becomes unstable.

The waveforms of I,,,, V},,, Vb, and P, are presented in
Fig. 9 to show the DC side reaction to the line tripping event.
Fig. 9 shows the CSI-based PV system remains stable when
X, increases to 0.375 p.u. but not to 0.376 p.u.

Next, the AC side waveforms are shown in Fig. 10, where
the blue line indicates the stable case and the red line indicates
the unstable case. The reactions of the PLL on its estimated
frequency and identified phase angle are shown in Fig. 11.
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Fig. 10: AC side measurement when grid impedance increases: (a) 74; (b) i4;
(©) Vi, (d) P; and (e) Q.
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Fig. 11: PLL reaction to the grid impedance increases: (a) estimated frequency;
(b) identified phase angle, 6.

According to the results shown in Figs. 9, 10, 11, it is be
observed that the steady-state values of ig and 6 increase,
whereas the voltage magnitude, V;, decreases when the grid
becomes weaker. The weak grid analysis is presented below.

A simplified circuit is shown below in Fig. 12. The reference
frame is aligned with the terminal voltage. Thus, the terminal
voltage phasor is v; = V;Z0 p.u. and the grid voltage phasor
is vy = V3£ — 0. Assume the transmission line is expressed
by a reactance, X,,.

When the line trips, X, suddenly increases. The power
balance equation for the circuit is: P = “£Y2 sin(). Since
the PV’s output power is constant, the power i?njected into the
grid is also constant. Assume that both bus voltage magnitudes
are constant. To ensure constant P while X, has increased, the
angle difference shall increase. The angle increase is shown
in Fig. 11(b).

vy l Vg
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Fig. 12: Simplified circuit of the CSI-based PV system’s grid side.

Further, assume that the grid voltage magnitude is kept at 1
p-u.. The terminal voltage can be expressed by the grid voltage
and the current in the dg-frame that is aligned to v;. Thus,

Vid + JUrg = (id + Jig)j Xg + (Vga + Jvgq), (6)

where v,q = cos(f) and vgy = —sin(#). Since the reference
frame is aligned to the terminal voltage,

Vg = —ig Xy + cos(f) @)
Vg = 0 =4 Xy — sin(h) (8)

When 6 increases, ig also increases. On the other hand,
cos(#) decreases, and v;4 decreases. The dynamic responses in
Fig. 10 corroborate the analysis. As the grid becomes weaker,
the terminal voltage magnitude decreases. And the system
stability is weakened due to the low voltage at the terminal.

From the relationship analyzed above, a strategy to improve
the stability margin due to a weak grid is obtained. As we
decrease the 7; to a negative value, vtq in steady state may
drop less so that the system can handle a more weakened grid.

Remarks: When the grid has transmission line tripping and
becomes weak, the CSI will experience an immediate increase
in the DC-link current, a decrease in its AC side voltage and
an increase in its AC side current. In addition, there is an
operation limit, or voltage stability limit. Increasing reactive
power injection from the converter may improve the operation
limit.

IV. CONCLUSION

This paper presents the detailed modeling and control of
grid-following CSI-based PV system, and the system’s dy-
namic performance under weak grid conditions. The CSI’s
performance in transients and steady-state are examined and
analyzed using a dynamic model for the PV system and
a steady-state system model. The analysis agrees with the
simulation results.
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