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ABSTRACT Utilization of an ultracapacitor (UC)-based energy storage device can provide one of the
most efficient solutions for short-term operational challenges in grid-connected photovoltaic (PV) systems.
This paper proposes an algorithm for coordinated control of PV and ultracapacitor-based energy storage
system to minimize the effects of sudden changes in solar irradiance and the presence of low voltages at
the point of common coupling. In addition, this work proposes an improved multi-mode operational scheme
for control of an ultracapacitor-based energy storage system that takes into consideration various associated
limits during charging and discharging modes. The effectiveness of the proposed algorithm in mitigating
the impacts of low voltages and short term changes in irradiance is demonstrated using simulation analysis
carried out on the modified Consortium for Electric Reliability Technology Solutions (CERTS) microgrid

testbed.

INDEX TERMS Distribution systems, weak grid, photovoltaic systems, ultracapacitors

I. INTRODUCTION

HERE has been a remarkable increase in the penetration

of photovoltaic (PV) systems in the last decade, and
this trend is bound to increase at a much faster pace in the
near future. Photovoltaic systems can be broadly classified
as standalone and grid-connected PV systems [1]. In a con-
ventional two-stage PV system, the first stage comprises of
the PV panel interfaced to the DC link via a Boost Con-
verter and the second stage comprises of a 3 — ¢ voltage
source converter (VSC) with an LCL filter (typically). As the
penetration levels continue to increase, the PV systems are
being progressively used for active regulation of voltages and
power quality issues in distribution system [2]-[6]. However,
there are several challenges in the operation of PV systems
integrated to distribution networks and weak grids [7], [8].
Some of these challenges include (a) the stochastic nature
of solar irradiance resulting in variability of power output
and (b) the presence of low voltages at the point of common
coupling (PCC). In order to overcome these challenges, this
work proposes an enhanced two-stage PV system configura-
tion utilizing ultracapacitors (UCs).
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As compared to transmission networks, the effect of
dynamic changes in solar intensity (due to fast-moving
clouds) is more pronounced in distribution systems and
weak grids [9]. Typically, in the presence of solar intensity
variations, the boost converter associated with the PV plant
can be controlled to extract the maximum power [10], [11].
However, the control is complex and there is a net drop in the
active power injected into the grid that results in undesirable
variations in the voltages [9]. One way to overcome this
challenge is to utilize an energy storage device (that can
compensate for the drop in active power from the PV panel)
together with the PV system.

One of the most popular configurations proposed in the
literature for minimizing the effect of sudden changes in solar
irradiance (i.e., maintaining the power output at the desired
value) is the PV-battery configuration [12]-[14]. The con-
trol/coordination strategies for such a configuration are also
proposed in the literature [15]. An alternative configuration
that can be adopted to reduce the impact of dynamic changes
in solar intensity is to utilize an ultracapacitor as an energy
storage device instead of a battery [16]-[19]. Duan et al. [18]
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propose an optimal control algorithm based on reinforcement
learning is proposed for control of hybrid energy storage
system (comprising of batteries and UCs) in microgrids. In
[19], an effective power management system is reported for
a PV system with a hybrid energy storage device comprising
of Fuel Cells and UCs. However, it should be noted that the
limits associated with the UCs stack and its effects on control
are not considered in greater detail.

Another operational challenge encountered during opera-
tion of PV systems integrated to distribution networks/weak
grid is the voltage dips [20]. Apart from voltage dips created
due to faults, weak grids are also prone to voltage dips caused
due to load increments. For operating scenarios where the
low voltages at the point of common coupling (PCC) is
caused due to faults, the PV system must stay connected to
the grid and its operation must follow the low voltage ride
through requirements specified by the grid codes. In order
to overcome the operational challenges (i.e. high currents
through inverter switches, higher DC link voltages), several
techniques such as utilization of series dynamic breaking
resistor (SDBR) [21] and multi-mode operation [22] have
been proposed in the literature.

In the SDBR scheme [21], a controllable dynamic resis-
tor (comprising of a parallel combination of switch and a
resistor) is inserted in series with the output of the inverter
(i.e., before the point of common coupling). The addition of
SDBR helps in reducing the overcurrents through the inverter
switches. The switch of the dynamic resistor is controlled
based on the deviation of voltage at PCC from its nominal
value). Another control strategy commonly employed for the
operation of a PV system under low voltages is to insert a
chopper (i.e. controllable switch in series with a resistance)
in parallel with the DC link [23]. The chopper is operated in
a controlled manner such the overvoltages at the DC link can
be controlled.

Although the low voltage ride through techniques pro-
posed in the literature facilitates the PV system to meet
grid code requirements under low voltage, it must be noted
that there is an under utilization (in case of multi-mode
operation)/wastage (as losses through resistors in case of
SDBR scheme) of the available solar power.

One of the solutions proposed for operational challenges
associated with voltage dips due to load changes (wherein
the voltage dip is not as severe as in the case of a fault) is to
utilize the PV system as a source of reactive power [3]-[5].
In [3], an algorithm to coordinate the reactive power output
of PV system with the step voltage regulators in order to
improve the voltage profile of the distribution network. Wang
et.al. [5] propose a two-level Volt/VAR optimization frame-
work based on an alternating direction method of multipliers
for coordination of reactive power outputs from the PV sys-
tem. As outlined in [4], most of the existing algorithms pro-
pose utilization of flexible AC transmission devices (FACTS)
devices in addition to a PV system for improving the voltage
profile of the grid. However, providing additional reactive
power support from PV systems can lead to over sizing
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of the inverters. Moreover, in distribution systems wherein,
the % ratio is very high, providing additional active power
support [24] along with the reactive power support can aid
in improving the system profile. This can be achieved by
utilizing an energy storage device along with the PV system.
Although several control algorithms have been proposed for
coordination of energy storage devices with the PV system
[12]-[19], it is to be noted that the existing algorithms do not
focus on coordinated control under low voltages.

A. CONTRIBUTIONS OF THIS WORK

As compared to batteries, ultracapacitors have higher power
density [25], [26] and can provide a better dynamic response
for short term support. Further, utilization of UCs can provide
additional active power support during voltage dips of small
magnitude and as well as store the excess energy (during
severe dips). Although approaches for coordination of a PV-
UC system have been reported in the literature, it is to be
noted that most of the algorithms are proposed for normal op-
erating conditions and do not consider the presence of lower
voltages at the point of common coupling. The work reported
in this paper focuses on the control of a PV-UC system under
(a) low voltages at the point of common coupling and (b)
sudden changes in solar irradiance. In particular, the major
contributions of this work include

« Development of an algorithm for coordination of PV-

UC system in the presence of low voltages at the point
of common coupling and under sudden changes in solar
irradiance, and

o Development of a multi-mode operational algorithm for

control of UC stack considering various limits associ-
ated with the UCs.

This paper is organized as follows. Section II describes the
configuration of a PV system with a UC stack and details the
procedure employed to design the UC stack. Further, Sec-
tion II also discusses the proposed algorithm for coordination
and control of the PV system with UC stack under sudden
changes in irradiance and low voltages. The performance
of the proposed algorithm is demonstrated in Section III,
followed by conclusions in Section IV.

II. PROPOSED MULTI-MODE OPERATION OF A
PV-ULTRACAPACITOR CONFIGURATION
For operating conditions, such as the presence of low volt-
ages at PCC and sudden changes in solar irradiation (due
to fast moving clouds), the energy storage device must be
capable of supporting the PV system by providing higher val-
ues of power at a very short time (i.e., higher power density
[25], [26]). Hence, as compared to PV-battery configuration,
a PV-UC configuration (as shown in Fig. 1) is a more efficient
solution for handling fast moving clouds and temporary low
voltages at the PCC

As compared to the conventional PV system, the proposed
configuration has an ultracapacitor stack connected to the
DC link via the bidirectional DC/DC converter. The ultra-
capacitor stack is charged through the bidirectional DC/DC
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FIGURE 1. Configuration of a typical PV-Ultracapacitor system

converter using the power from the PV source, and the same
can be discharged in scenarios where additional power is
needed.

The steps involved in designing the proposed configuration
include (a) modeling of the PV system, (b) modeling and
control of boost converter (connecting the PV panel to the
DC link), (c) modeling and control of the 3 — ¢ inverter, (d)
modeling of the ultracapacitor and (e) modeling and control
of the bidirectional DC/DC converter.

For modeling the PV system, we utilize the single-diode
model [27] and for controlling the associated Boost converter
(i.e., for maximum power point tracking (MPPT)), we utilize
the optimized perturb and observe (P&QO) method [28]. It is
well known that the boost converter can be operated either in
continuous conduction mode (CCM) or discontinuous con-
duction mode (DCM) [29], [30] or in boundary conduction
mode [31], [32]. Although DCM of operation gives higher
efficiency and provides a relatively easier control, it results
in higher currents (which is undesirable for high power appli-
cations) and hence, this work adopts the CCM. However, as
highlighted in [30], it is possible for the converter designed
to be operated in CCM to actually operate in DCM at very
low values of current.

The 3 — ¢ inverter on the other hand is controlled using
a vector control technique [33] in a synchronously rotating
reference frame (RRF). The reference currents for the current
controllers are derived from the DC link voltage controller
and the reactive power reference. Since these aspects are
elaborately described in the literature, this paper focuses
extensively on

(a) the modeling and multi-mode operation of the ultraca-

pacitor along the associated DC/DC converter,

(b) control of UC based bidirectional DC/DC converter

and

(c) coordination of the 3 — ¢ VSC and the bidirectional

DC/DC converter (associated with UC) under low volt-
ages and sudden changes in solar irradiance.

A. MODELING AND SIZING OF ULTRACAPACITOR
STACK

An ultracapacitor can be represented by various equivalent
circuit models that capture its terminal behavior (charging,
discharging and open circuit) to various levels of accuracy.
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Similar to most of the existing power electronic applications,
we adopt the classical equivalent circuit model [34] for the
UC, as shown in Fig. 2. This model comprises of a simple

ESR
LW
Vo Co 2= §EPR

FIGURE 2. Equivalent circuit of an ultracapacitor

RC circuit with two resistors. The resistance in parallel to
the capacitor is referred to as equivalent parallel resistance
(EPR), and one in series is referred to as equivalent series
resistance (ESR). The EPR represents the self-discharge phe-
nomena of the ultracapacitor under no-load operation (idle
state). Typically, there is a sudden drop in the voltage at the
end of the charging cycle and the sudden rise in the voltage
at the end of the discharging cycle due to the ESR.

For practical applications, the individual UC cells are usu-
ally stacked together (referred to as UC stack) and interfaced
to the DC link via the bidirectional DC/DC converter. The
sizing of the ultracapacitor stack depends on (a) the desired
power level (i.e., the power level required as a back up for the
PV system), (b) the typical duration of discharge and (c) the
minimum allowable discharge voltage of the ultracapacitor
stack. Given the discharge power (Fy), duration of discharge
(At) and rated voltage across the UC stack (V). the
minimum capacitance of the UC stack is given by [35], [36].

min 3POAL
ot = Ve (1)

It is to be noted that, Eq. (1) is based on the fact that the
UC stack is allowed to be discharged to 50% of its rated
value [37].

B. DESIGN AND MULTI-MODE OPERATION OF THE
BIDIRECTIONAL DC/DC CONVERTER
The typical configuration of a bidirectional DC/DC converter
used to interface the UC stack with the PV-system is shown
in Fig. 3. The filter inductor (L) of the bidirectional DC/DC
converter is designed [36] based on the maximum allowable
current ripple (J;; expressed as a fraction of average current).
For a given §;, the minimum value of inductance that will
ensure that the current ripple criterion is satisfied (during
charging and discharging modes) is given by
1 Vd2(:
6f sw 5’LP 0

where f,,, is the switching frequency and V. is the rated
voltage of the DC-link.

Depending on the network operating condition and the so-

lar irradiance, the bidirectional DC/DC converter can operate
in at most 3 different modes.

@
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UC Stack

FIGURE 3. Bidirectional DC/DC converter interfacing UC stack with the
DC-link

1) Mode 1 - Charging cycle: During the charging cycle
(SW1 is OFF and SW2 is controlled using pulse width
modulation (PWM)), the UC stack gets charged via the
DC link, and the converter acts as a buck converter.

2) Mode 2 - Discharging cycle: During the discharge
cycle (SW1 is controlled using PWM and SW2 is
OFF), the UC stack acts as an additional source with
the converter behaving like a boost converter.

3) Mode 3 - PWM blocking: In this mode, the converter
is in Idle state with both the switches (SW1 and SW2)
being in OFF state.

The PWM blocking mode is necessary to ensure that the
limits [37] associated with UC stack are not violated. Further,
for a smooth transition between charging and discharging
modes, the converter must operate in PWM blocking mode.
Hence, there are three scenarios under which the PWM
blocking mode must be adopted.

1) During the charging cycle, if the voltage of the UC
stack reaches its maximum limit (rated value), then the
converter must be operated in PWM blocking mode.

2) During the discharging cycle, if the voltage of the UC
stack reaches its minimum limit, then the converter
must be operated in PWM blocking mode.

3) During transition from charging to discharging cycle
(or vice versa), the current through the inductor (I;)
cannot change instantaneously and hence, the converter
must be operated in PWM blocking mode till I; reaches
0.

Taking all the possible operating scenarios into considera-
tion, the operation of UC based bidirectional DC/DC con-
verter can be classified into 5 different states as listed in
Table 1. The charging and discharging states of the converter
are activated using the C' and D signals that are toggled either
HIGH (1) or LOW (0) based on the operating conditions of

TABLE 1. States of operation of the bidirectional DC/DC converter

State  Description Mode

SO PWM blocking for Mode transition ~ Mode 3
S1 Charging Mode 1
S2 UC charged to its rated value Mode 3
S3 Discharging Mode 2
S4 UC discharged to minimum value Mode 3

FIGURE 4. State transition diagram of the proposed control scheme

the network and the PV panel (discussed in Section II-C).
Irrespective of the initial operating state, the signals C' = 1
and D = 1 will force the converter to operate in states Sp
and S5 respectively (as shown in state transition diagram in
Fig. 4). However, the transition from states S5 to S7 (and
vice versa) will have a small transition delay ¢4 (i.e., till
the inductor current decays to 0, during which the converter
will operate in state Sy). For all other transitions with the
final state of S7 or S3, there is no transition delay. Further,
depending on V., the converter can transit to states So or .Sy
as shown in Fig. 4.

If the converter is in state Sy for a long duration, the volt-
age across the UC stack can fall below its rated value due to
self-discharge. Under such cases, the converter transits from
So back to S; as shown in Fig. 4. In practice, the condition
for transition from can be chosen as V,,. < 0.95V,2%%.

During the charging and discharging states (i.e. S; and
S3), the bidirectional DC/DC converter must be operated in a
controlled manner and in order to achieve the control, this pa-
per utilizes the PWM control. Before introducing the aspects
of controller design, this paper outlines the methodology (to
determine the C and D signals) adopted to coordinate the UC
stack and the 3 — ¢ VSC.

C. COORDINATED CONTROL OF 3 — ¢ VSC AND UC
STACK

In this section, an algorithm to coordinate the 3 — ¢ inverter
and the UC stack in the presence of low voltages at PCC
is presented. Apart from determining the charging (C) and
discharging (D) signal, the coordination methodology also
determines the reference values to be given as an input to
the controller associated with the UC stack. Under normal
operation, the control strategy adopted for VSC is as outlined
in [33]. On the other hand, the operation under the three
operating conditions under consideration are as follows.

1) Sudden changes in irradiance (due to fast moving clouds)
When there is a sudden change in the irradiance (such as
cloud passage), the output power (P,,) from the PV panel
is reduced and in order to keep the DC link voltage at the
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FIGURE 5. Ride through characteristics specified in IEEE std. 1547-2018 [38]

desired value, the inverter has to process a reduced amount of
power (in the absence of UC stack). This temporary reduction
in power processed by the inverter (which is the amount
of power injected into the grid) is undesirable and can be
avoided if the UC stack is controlled to provide the mismatch
between the inverter set point (i.e., Pj,, and @Q;n,) and
the power produced by the PV panel. Hence during sudden
changes in irradiance, the D signal of the UC stack must be
toggled high, and the UC stack must be controlled to track
the power that is the difference between P;,,, and P, i.e.

P,. = Py — Py | D — high 3)
2) Presence of low voltages at PCC (LVRT)

In the event of low voltage at the PCC, the PV system must
stay connected to the grid for a minimum duration of time and
must provide some reactive power support. The ride through
duration (7.) and reactive support requirements as per IEEE
Std. 1547 [38]) is shown in Fig. 5. In this work, the inverter is
controlled using vector control strategy wherein the g—axis
leads the d—axis by g Under the chosen orientation, the
active and reactive power processed by the inverter are given
by

5 [Ugqid — Vgaiq]

“4)
where (vy44, v44) and (Z4, i4) represent the components of grid
voltage and grid current (i.e. towards the grid side inductor of
LCL filter) in rotating reference frame (RRF), respectively.
Typically, the d—axis of the RRF is oriented along the grid
voltage using PLL, and as a result, vgq = Vg, vgg = 0.
Accordingly, the active and reactive power processed by the
VSC are given by

Piny = 1.5Vgigand Qiny = —1.5V,i,  (5)

3 ) .
Py = 5 [Ugdzd + quZq] and Qiny =

Equation 5 indicates that the g—component controls the
reactive current and hence under low voltages, the reference
to reactive component of current (i;) can be obtained based
on Fig. 5(b). Accordingly, the 0;,, can be computed as

Qiny = — 1.5Vyiy (6)

In the presence of low voltages at the PCC, the inverter cur-
rent will increase to meet the desired active power (as shown
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in Fig. 6). This would cause the protection circuits associated
with the converters (such as a fuse [39] or overcurrent relay
[40]) to operate and thus, disconnecting the inverter from the
grid (which is undesirable). In order to prevent tripping of the
inverter (due to overcurrent) under low voltages, the current
corresponding to the active power (i.e., 74) must be reduced
such that the net current ifl + ig is below the rated value of
the inverter switches (/). This can be counter productive in
weak grids and hence to avoid this, the inverters are typically
designed to be operated in the constant active current strategy
[41], [42], wherein the inverter switches are rated to v/21y. It
must however be noted that, even with constant active current
strategy, there is still power imbalance at the DC link [43] in
the presence of low voltages (which is undesirable).

50
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Current [A]
o

|
ot
=}

e
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FIGURE 6. Inverter current under the presence of low voltages (from ¢t = 0.5s
to t = 1s) at PCC (without LVRT)

Further, for distribution systems and microgrids, provid-
ing additional active power support (apart from the reactive
power support as specified by IEEE Std. 1547-2018) will
help in improving system performance. This is particularly
of use in weak grids wherein a voltage dip can arise even
due to sudden changes in load. Hence, under low voltages,
the reference current for the control loop corresponding to
the active current is set to 7; = Iy. Under normal operating
conditions, ¢} of the inverter is obtained from the DC link
voltage controller (DVC). However, under low voltages, in
order to support the weak grid in the best possible manner,
is set to Iy i.e.

(N

. from DVC under normal operation
R under low voltages

Typically with low voltages (of severe magnitude), even the
output of DVC (with saturation) would result in i}; = Iy. In
either case, the corresponding active power processed by the
inverter under low voltages is thus

Py, = Vyiy = 1.5VIy ®)

Since the active power processed by the inverter (given by
(8)) is no longer coming from the DC link voltage controller,
it is necessary to ensure power balance at the DC link in order
to avoid overvoltages. This can be achieved by controlling the

5
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UC stack to provide the mismatch between the inverter set
point (P;,,,) and power produced by the PV panel (p,,) i.e.

Puc = Linv — va (9)

If the power produced by the PV source is lower than
the inverter set point (i.e., Py, < Pjiy,), the power to be
processed by the UC stack is positive, indicating that the UC
stack supplies for the additional power. Under this operating
condition, the discharging signal (D) is toggled high. On the
other hand, if the power produced by the PV source is higher
than the inverter set point (i.e., Py, > Pjny), the UC stack can
be used to store the additional power. Under this operating
condition, the charging signal (C) is toggled high. A flow
chart summarizing the coordination of VSC and UC stack
under different operating conditions is shown in Fig. 7

D. CURRENT CONTROLLER DESIGN FOR 3 — ¢ VSC

As mentioned in Section II-C, the reference values to the
3 — ¢ VSC under low voltages are the currents i; and i
and hence the control architecture comprises of only current
control (as shown in Fig. 8). The controllers employed in
current control are the PI controllers, whose tuning depends
on the plant transfer function (G(s); which is determined by
the filter). Although this work employs an LCL filter, for
the purpose of controller design, the parameters of the PI
controller can be tuned by assuming that it to be an equivalent
inductive filter i.e. L; = Lq + Lo [44]. This is because the
gain of the plant within the controller bandwidth does not
vary significantly for an LCL filter and the equivalent L filter
as shown in Fig. 9.

Accordingly, with the feed forward compensation, the
G(s) for both the d—axis and g—axis loops can be written

as 1
- 10
Gl) = o7 R; (10)

Measure PCC
Voltage (V)

Low voltage
at PCC?

[ Use LVRT table* to J

compute Qref. Piny and T,
Normal Operation
@ [ Use timer to count T} ]

Yes

Dip in
irradiance?

Discharging — High
Piis = Pinv — Ppo

Discharging — High Charging — High 5
T i

FIGURE 7. Flowchart for coordination of 3 — ¢ VSC and UC stack

l Vabe

LVRT detection
and
control algorithm|

P Vi

FIGURE 8. Control architecture of 3 — ¢ VSC under low voltages

where Ry is the parasitic resistance of the L filter. Since
the system is a simple first order system, the gains of the
controller can be chosen based on pole-zero cancellation
and bandwidth requirements. Further, since the plant transfer
function is the same, the proportional gain (k,) and the
integral gain (k;) for both the loops can be computed to be

L R
ky, = —_tandki = —f

Ti Ti

1)

where Ti is the desired bandwidth (fy,,) and 7; is typically in
the range 0.5 ms-5 ms [33].

E. CONTROL OF BIDIRECTIONAL DC/DC CONVERTER
(UC STACK)

In the presence of low voltages and with sudden changes in
irradiance, the amount of power that needs to be processed
by the UC stack is given by P,;, = P;y,,, — FPp,. Accordingly,
the control loop for the UC stack can be designed as shown
in Fig. 10, wherein the reference to the UC stack is P;..
H (s) represents the controller transfer function, and G,.(s)
represents the transfer function of the bidirectional converter
along with the UC stack. The plant transfer function during
charging (CM) and discharging mode (DM) is different and
hence the controller gains are different for both the modes.

----LCL
0 — L
g \
=) e .
= —50 ! T
i : \\ \
?30 1 \\
= ‘ !
—100 fbw ' » -
\. .
7 ~
1
10! 102 103 104

Frequency [Hz]

FIGURE 9. Frequency response of 3 — ¢ VSC with LCL and equivalent L
filters
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FIGURE 10. Control schematic of bidirectional DC/DC converter

From P, the current reference (/) can be computed as
P*
If = > 12
LT T (42

If the power is positive P,. > 0, then the converter will be
operating in DM, during which the bidirectional DC/DC con-
verter acts as a boost converter. The corresponding G.(s)
can be computed using state space averaging as [36]

Ve [SR .C f + 2]

R;,(1-D)? (1L_CE)2 s2 + (1_DL)2RL s+1

(13)
where Ry, is the equivalent load resistance, which is glepen-
dent on the discharge power and can be computed as g‘“ . The
gain of the transfer function during DM is minimum when
the stack voltage is maximum and the equivalent load resis-
tance is maximum (i.e. corresponding to minimum discharge
power). Accordingly, the frequency response of the converter
corresponding to this operating point is chosen for design of
the controller. For the UC stack utilized in this work (design
parameters reported in Section III), the frequency response
of the converter during DM is shown in Fig. 11(a).
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FIGURE 11. Frequency response of UC based bidirectional DC/DC converter

During the CM (i.e. P,. < 0), the bidirectional DC/DC
converter acts as a buck converter, and the corresponding
transfer function of the system can be computed as [36]

o SVchuc
" LCLue82 + R.Cues + 1

Guc(s) (14)
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where R, is the equivalent resistance of ESR of the UC stack
and the parasitic resistance of filter inductor. The frequency
response of the UC system considered in this study under
charging mode is shown in Fig. 11(b).

In both modes, the phase of the system at higher frequen-
cies is around —90° (as shown in Fig. 11) resulting in a phase
margin of 90° and hence a simple PI controller is designed for
both charging (H,(s)) and discharging (H4(s)) modes.

H.(s) = k. <5+Sw> and H,(s) = ky (‘Hfl) (15)

The gain k. and k4 are tuned such that the cross over fre-
quency (wg.) of the compensated open-loop system (i.e. Plant
+ PI controller) is around %th of the switching frequency
(which is chosen to be 10 kHz in this work). Further, since
the DC gain of the system is reasonably high (as shown in
Fig. 11), the steady state error will be very low. Hence, the
zeros of the PI controller (i.e. w;. and w;q) can be placed
such that the phase margin of the system is unaffected due
to addition of PI controller. Accordingly, the zero of the
PI controller for CM and DM are set to be 11—0 and 2% of
corresponding gain cross over frequencies. The frequency
response of the system with designed PI controller is also
shown in Fig. 11.

lll. RESULTS AND ANALYSIS

In this section, the performance of the proposed ap-
proach is reported using simulations carried out (in MAT-
LAB/Simulink environment) on the reduced CERTS micro-
grid testbed [45]. In order to emulate a weak grid scenario,
the grid resistance and inductance are chosen as 0.1§2 and
4.5 mH, respectively. The rest of the system data is chosen as
that reported in [45]. Further, the two sources in the reduced
testbed are chosen to be PV sources (each rated for 20.7 kW),
as shown in Fig. 12.

Tg Lg
Main grid Static
switch
PV System| "1 *fl
PV1) ( Q ) -
T11
Load
722
PV System| 2 12 22

(PV2)

FIGURE 12. Single line diagram of reduced CERTS testbed [45]

The UC stack is designed to support the grid for a maxi-
mum duration of 5s (since a large fraction of shading periods
due to cloud passage is around 4.9s [46]) with a maximum
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power of 10 kW. The stack comprises of 260 series connected
Maxwell BCAP0100 UCs and the filter inductor of the as-
sociated bidirectional DC/DC converter is designed with a
10% allowable ripple criterion. The data of the PV system
(including the 3 — ¢ VSC, controller parameters, and LCL
filter) along with the UC stack (including the bidirectional
DC/DC converter and its controller parameters) is provided
in Appendix.

To start with, the performance of the proposed algorithm
is presented for a scenario where there is a sudden change in
solar irradiation due to cloud passage. The solar irradiance
is presumed to fall to 50%, and the duration of this fall is
presumed to be around 4.5 s (within the typical duration
range reported in [46]). The output power from the PV panel
during this period (dip starting at 0.3 s)is shown in Fig. 13(a).

In the absence of UC stack, the power processed by the
3 — ¢ VSC is same as that of the PV power (as shown
in Fig. 13(b)) and with the grid being weak, this sudden
dip in irradiance causes the voltage at PCC to drop below
0.95 p.u. (as shown in Fig. 13(f)). On the other hand, by
utilizing an UC based energy storage and controlling it by
using the proposed algorithm, the power reduction due to
dip in irradiance can be compensated using the UC stack.
As shown in Fig. 13(c), for the operating condition under
study, the UC stack is pumping the additional power which

i

with UC

25
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FIGURE 13. Response of the PV system (PV1) for sudden changes in solar
irradiance (with and without UC)
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FIGURE 14. Response of PV1 for shallow voltage dips with conventional
LVRT

is the mismatch between the inverter set point and the power
output from PV array. The additional power injected by the
UC stack can help in improving the voltage at PCC as shown
in Fig. 13(f).

The voltage across the UC stack and the current through
the inductor are shown in Fig. 13(d) and Fig. 13(e), respec-
tively. At the beginning of the discharge period, the voltage
across the UC stack is at its rated value of 700 V. As the
UC stack starts discharging the voltage across the UC stack
falls and as a result, the duty ratio of the converter also varies
which results in an increase in inductor current (as shown in
Fig. 13(e)). Moreover, since the duration of the discharge is
very close to the maximum duration for which the UC stack
is designed (to support the system), the voltage across the
stack falls very close to 50% of its rated value towards the
end.

In the second case study, the performance of the proposed
approach under shallow voltage dips is highlighted. In the
case of weak grids, such dips can happen even due to a
sudden increase in loads. To create a shallow voltage dip, the
load (which was initially at 45 kW) is increased by 37 kW
(for a small time) with the solar irradiance assumed to be
50%. In practice, where there are large sources, this increase
in load will be shared in accordance with the droop settings.
However, to demonstrate the performance under shallow
voltage dips, this work considers a short term load increment.
Prior to the voltage dip, the 3 — ¢ VSC is operating in UPF.
The response of PV system 1 (PV1) with conventional LVRT
operation is shown in Fig. 14, wherein the inverter provides
reactive power support (in accordance with the IEEE std
1547) to the grid, as shown in Fig. 14(a). Since the voltage dip
is shallow (combined with the fact that the inverter is rated
based on constant active current criterion), the inverter can
process the same amount of active power (as generated by
the PV panel) without violating the current limits (which is
gt =g & 42.5 A) as shown in Fig. 14(b).

On the other hand, with the proposed algorithm (for PV-
UC configuration), the reference ¢}; (for 3 — ¢ VSC) is set to
nominal current, and 77 is generated as per IEEE Std. 1547.
The actual currents processed by the inverter in RRF is shown
in Fig. 15(a). As compared to conventional LVRT (as shown
in Fig. 14(a)), the proposed algorithm injects more active
power (as shown in Fig. 15(b)) resulting in an improvement
in voltage at the PCC (as shown in Fig. 15(c)). The net power
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FIGURE 15. Response of the PV system (PV1) for shallow voltage dips with
UC based energy storage (proposed approach)

processed by the inverter and UC stack is shown in Fig. 15(b).
Since the control of UC stack ensures the power balance, the
DC link voltage stays around the rated value even under low
voltages (as shown in Fig. 15(e)). The current through the UC
stack and the voltage across it during low voltages is shown
in Fig. 15(f) and Fig. 15(e), respectively. The sudden jump
in UC stack voltage (shown in Fig. 15(e)) at the starting and
ending instants of voltage dip is due to ESR of the UC stack.

It should also be noted that the PV power in this case was
around 50%. If solar irradiance is high, then P,, > Pjy,
(even with shallow dips) and hence in such scenarios, the UC
stack will store the excess energy (illustrated in the next case
study).

In the final case study, the performance of the proposed
algorithm in the presence of voltage dips of severe magnitude
is analyzed. For this purpose, a 3 — ¢ fault with a fault
impedance of zy = 4 () is created at the PCC of PV system 1.
The fault is created at t = 0.25 s and is cleared at t = 0.45 s
(to make the dip more pronounced, the fault is cleared after
10 cycles) and the voltage at PCC is shown in Fig. 16(a).
Prior to the fault, the PV system is injecting rated power
and hence the i, is almost close to its rated value (as shown
in Fig. 16(b)). Consequently, the d— axis current remains
unchanged even during LVRT. The g—component of current
on the other hand, is set to the rated value (as shown in
Fig. 16(b)) during the voltage dip. Although the currents
in the RRF are very close to the rated values, the power
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processed by the inverter is greatly reduced (as shown in
Fig. 16(c)) due to fault, which leads to power imbalance at
DC link.

With the proposed algorithm, it is feasible to avoid over-
voltages at the DC link by utilizing the UC stack to store the
excess power (instead of curtailing the PV panel output). The
response of UC stack with power reference of P, — Py
(Pue < 0 indicating that the UC is getting charged) is shown
in Fig. 16(d)-(e). The corresponding voltage at the DC link
is shown in Fig. 16(f). It should be noted from Fig. 16(e)
that, if the duration of dip is still higher, the UC stack
would have charged to its rated value forcing the bidirectional
converter to transit from state S to Ss. In such a scenario, the
PV system must be operated in a conventional multi-mode
operation.

IV. CONCLUSIONS

This paper proposes an algorithm for coordination of the
photovoltaic system and ultracapacitors so as to effectively
tackle the challenges arising due to sudden changes in solar
irradiance and the presence of low voltages at PCC. Test
results indicate that in operating conditions such as sudden
changes in solar irradiance, the UC stack can be effectively
controlled to ensure that the net injected power into the grid
is unaffected. On the other hand, in the presence of low
voltages at the point of common coupling, the UC stack
can be controlled to inject/absorb additional active power
into the grid (apart from providing reactive power support as
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specified by IEEE std. 1547). Case studies also indicate that
the flexibility provided by the proposed PV-UC algorithm
in providing additional active power support during shallow
low voltage dips is effective in improving the system voltage
profile. This is useful particularly for distribution systems
and microgrids, where the  ratio is very high. On the other
hand, for voltage dips of severe magnitude, the proposed
algorithm ensures effective storage of additional PV power
while avoiding overvoltage at the DC link and overcurrents
through the inverter switches.

APPENDIX. SYSTEM DATA

This section provides the complete data for the PV system,
the 3 — ¢ voltage source converter (along with the associated
LCL filter) and the UC stack utilized in this work. The
two PV systems in the modified CERTS microgrid testbed
(shown in Fig. 12) are assumed to be identical and its param-
eters are outlined in Table 2. The parameters of the 3 — ¢

TABLE 2. Design parameters of the PV module

PV Cell (Maximum power (Pmax = 345 W)

Voltage at Pmax 38.1V  Current at Pmax 9.05 A
Open-Circuit voltage 46.7 V. Short-Circuit current 9.58 A
PV Array (Maximum power (Pmax = 20.7 kW)

Series connected (V) 10  Parallel connected (/NVp) 6

voltage source converter along with the designed filter and
controllers are outlined in Table 3 and Table 4 respectively.
Similarly, the parameters of the UC stack utilized in this
work along with the parameters of the bidirectional DC/DC
converter are outlined in Table 5.

TABLE 3. Filter and switching frequency Data for 3 — ¢ VSC

filter design
Filter inductors L1, Lo 3.1 mH,3.1 mH
Filter inductor resistances R1, Ra 1mg2, 1m$2
Filter capacitor C 2 uF
damping capacitor Cg 2 uF
damping resistor 38.8Q
DC bus voltage 800V
DC bus capacitor 10 mF
switching frequency 10 kHz

grid frequency 60 Hz

grid voltage (phase rms) 230V
TABLE 4. Controller parameters for 3 — ¢ VSC

Parameter Value
current controller crossover frequency 160 Hz
kpe 6.2

ic 2
dc bus voltage controller crossover frequency 10 Hz
kpy 0.1
kiv 70

10

TABLE 5. Parameters of the UC stack and the associated Bidirectional
DC/DC converter

Parameter value
Rated power (P) 10 kW
UC stack voltage (Vi) 700V
Time period 5s
Minimum capacitance (Cyc,min) 0.306 F
Maxwell BCAP0100
Parameter value
Rated capacitance 100 F
UC voltage 2.7V
Capacitor ESR 15 mQ
Maximum current 36 A
Series connection (Ng) 260
Total capacitance 0.38F
Total ESR 3.9Q

Converter specifications

Parameter value
filter inductor (L) 10 mH
Switching frequency (fsw) 10 kHz
cross-over frequency (fe¢) 1kHz

Controller specifications

Parameter value
ke 0.0785
kq 0.0447
Wic 100
Wid 50
Voltage controller
Parameter value
ko 12
Wy 50
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