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Abstract

This paper proposes a ramp-rate control (RRC) for mitigation of solar
PV fluctuations with a hybrid energy storage system (HESS). The highly
fluctuating primary energy source causes photovoltaic (PV) generators to
suffer from variable output capacity. Such variations can lead to instability in
power systems and problems with power quality due to large PV penetration.
The role of energy storage devices (ESSs) as a fluctuation compensator
is suggested to minimize these issues using RRC. Distributed Generation
Systems (DGs) have become a key challenge as the disruption of DG from
the grid during faults results in severe difficulties such as power outages
and voltage flickers. Low voltage ride through (LVRT) is a promising method
for supplying reactive power under low voltage conditions. The proposed
method will enable dynamic control of integrated battery storage (BS) to
mitigate power fluctuations during the day while simultaneously charging
or discharging the integrated super-capacitor (SC) storage to control sudden
variations in a BS to a certain magnitude. A system for exchanging energy
between the BS and the SC storage provides uninterrupted control of the rapid
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fluctuations of the passing cloud. The storage capacity savings are evaluated
by using the RRC for the smoothing impact of geographical deflection on PV
power production. Simulations conducted with real operational PV power
output data taken every 1 s from the power plant during one year confirm the
validity of the model. The OP-5700 HIL test-bench is used for the real-time
results.

Keywords: PV system, fluctuations, ramp-rate control, battery storage,
supercapacitor, fault-ride through.

1 Introduction

More than 25 years ago, concerns about the potential for PV output variability
due to seasonal clouds were raised, and the increasing PV penetration levels
have now attracted broad interest and attention. With the rise in PV power
fluctuations on the grid, power quality and reliability can have a negative
impact [1, 2]. The grid typically absorbs power fluctuations of less than
10 minutes as frequency variations. This is a particular issue in relatively
small networks, for example, islands with high rates of penetration, because
of the intrinsically restricted smoothing outcome from the combination of
geographically distributed PV plants [3-5].

While the decreasing cost of electronic power devices and the break-
through of new energy storage technologies allow for the integration of ESS
into renewable energy systems (RESs), their capacity depends heavily on the
cost per power unit. Commercial and industrial acceptance is prohibitively
expensive. In order to meet the required specifications, it is essential to
develop a method to optimize the size and operation of an ESS [6-8].
New grid codes have been provided by the TSOs, including new requirements
that promote TSO responses suitable for detrimental variations in irradiance,
i.e., variations of less than 10 minutes on a time scale. Such requirements
include determining the maximum power variance ramps used by intermittent
plants to supply power into the network [9, 10].

In places of high PV penetration and small grids, like islands, this risk is
relatively significant. Currently, new grid standards in Puerto Rico are more
stringent and limit the maximum variability during a time period, normally
1 min, to a certain value of 10% depending on the power generated by the
transformer of the PV plant [11]. Moreover, the target for the regulations
is much more stringent in other countries, like Mexico, at approximately
1-5%/min. Unlike conventional power systems, PV power generators are not
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dynamic enough to affect the balance between production and consumption
at any given time. To set these values, the currently increasing power levels
for thermal power stations, which are at between 2.5% and 4% of nominal
power/min, are usually used as a benchmark for manageable generation.
Intermittent power generation requires a quick response from the rest of the
system if it has sufficient control capacity [12, 13]. In this scenario, PV power
variations are more significant than these standards, and therefore, a certain
type of ESS is necessary to meet these requirements. Increasing the price of
electricity generated by PV is considered a key aspect in constructing new PV
plants. Consequently, methods to comply with the regulations are absolutely
necessary, thus utilizing the minimum storage capacity possible [14, 15].

In general, the majority of hybrid storage studies are presented in the
literature on wind energy. There has been a recent movement to use solar
energy applications with HESSs [16, 17]. The key drawback of the approach
proposed in [16] is that the ESS should always operate to satisfy the demand
for output capacity. The reference power output tends to vary from that
which results in the continuous operation of the HESS. This may increase the
system’s operating costs. In 2015, for large-scale solar power supply, a multi-
objective optimization algorithm for device failure and power limits of HESS
was introduced. However, there is no discussion about voltage regulation to
enhance the voltage profile of the power supply system. In [18], the economic
cost of installing ESS has been analysed to facilitate the variation in short-
term PV production as a function of the maximum allowable ramp rate,
intermittence time scale, and PV resource dispersion. Geographic dispersion
has been shown to result in significant ESS savings by smoothing out PV
fluctuations. However, there are no methodologies available to calculate ESS
to smoothen the short-term variability of PV power output.

Currently, ramp-rate control is the most promising technique to mitigate
the intermittent PV power fluctuations. There are also other solutions avail-
able, but these go beyond variations in short time periods and require a much
larger ESS [19, 20]. One of the benefits of the moving average method is
lower ESS capacity at the cost of increasing energy through the ESS, which
results in increased losses and cycle degradation [21]. Some studies [22, 23]
indicate that the forecast and the clearness index can be used to solve this
problem. The main benefit of RRC is that it only operates if the fluctuation
is greater than the maximum acceptable ramp value, which results in less
cycling degradation.

Figure 1 represents the grid-connected PV system HESS. Figure 1 con-
sists of a high and lower energy density device such as a battery and SC. The
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Figure 1 Grid connected PV system with HESS.

li-ion battery and SC storage systems for this research are combined in order
to produce a HESS. The battery storage will mitigate slow fluctuations, and
the rapid changes are alleviated with SC storage. Based on hybrid topology
and 24-hour energy availability (sun irradiation, demand, and cloud ramping
events), both slow and fast variations will be calculated for the energy storage
capacity (or size).

The paper proposes a method to mitigate the fluctuations in PV output
through ESS for 500 kW, solar PV using RRC. The purpose of ESS is to store
surplus energy when the sun is not available and reduce the sudden variation
of voltage. The proposed system uses the proper algorithm during ramping
and post-ramping events to monitor the PV-RR output production. The ESS
is controlled by ramp-down or ramp-up events, relying on the inverse charac-
teristic of the PV-RR required relative to the PV-RR output panel to increase
mitigation performance. An efficient power-sharing approach is needed for
integrated solar PV systems and HESS. Because of the increased penetration
of solar PV panels in the distribution system, the cost of energy storage has
decreased significantly, and limitations can be overcome by implementing
an effective energy management technology. The PV system is incorporated
into the grid and injects reactive power to ensure stable grid voltage in
the event of fault conditions. Hence, the PV system delivers real power as
quickly as possible once the grid voltage reaches its nominal value so that the
entire system can recover from its power imbalance. The following paper
is presented as follows: Section 2 discusses the ESS design requirements
for RRC, and the control strategy for the proposed system is explained in
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Section 3. Section 4 presented the simulation and HIL test-bench results, and
Section 5 is the conclusion.

2 ESS Design Requirements for RRC

There are power variations well beyond the limits of standard PV plants, as
shown in Table 1. There have been recorded normal and severe variations
of up to 70 and 90%/min, shown in Figures 2 and 3. Therefore, in order to
smoothen the PV output power, compliance with these regulations includes
the combination of PV generators with ESS technologies that can be used to
add/subtract power from the PV supply [24, 25]. The maximum speed of a
cloud, which varies depending on the direction and location, is enclosed by
the PV plant.

The PV plant can be covered with maximum cloud speed and can generate
the maximum power in the shortest amount of time under the most extreme
conditions. In Equation (1), 7 is an empirically correlated time constant with
the shortest dimension of the perimeter of the PV plant illustrated in Figure 4,

Table 1 Irradiation profile for the year 2019-20

Sep-19 D119  MNov-19 | Dec-19 | Jan-20  Feb-20  Mar-20 | Apr-20 | May-20 Jun-20  Jul-20 | Aug-20
348,331 215251 487.036 395.029 367.076 461773 503894 424,818 420,957 471438 323.491 442157
452,425 391.899 466,682 312,025 418457 452160 499.131 432.063 48L715 470,632 224942 427.992
431,595 491.02 490.846 280,717 439.404 484.251 530,017 448,422 461454 465.555 383.784 435.056
251,456 478.703 505622 270296 461.751 474023 500.899 472.148 41416 139.854 442238 371706
454.677 422.343 424.189 426116 475.962 399.581 416,874 494,961 447.007 397.88  363.19 337.111
A473.459 425.761 320.062 441.247 4B3.457 449.935 430.394 537.204 284,734 360.625 357.261 370.326
530,453 424.712 492,596 450.643 435136 455888 353313 411.404 365409 434.495 356.682 339.054
551.366 185539 497,994 453.469 353.225 466468 495707 480,237 354.013 396.332 494429 398.933
454.777 176772 502929 453,796  411.29 458792 429.863 385522 430,856 393.22 308758 113.674
10 144.601 394,343 489.302  423.17 394501 465.847 473.915 449,721 57.227 250442 452075 399.603
11 180481 380,756 498,642 391,592 431,192 478305 547.491 548.708 498125 296.375 328328 415.105
12 211,335 450499 441362 44297 436908 459281 519.771 557,835 481.666 219.387 41911 350.397
13 126756 505602  0.535 360,874 337.135 469.488 49456 509.865 481908 271807 311671 141811
14 195537 545908 275605 O9.8BS 137.047 45094 469.157 458,905 440.224 288136 290,142 257.805
15 173.065 540.426 343.035 398.873 399.829 4781 404.94 497.506 40139 264.052 245643 375.116
16 276922 450,502 389,848 370,792 435212 491.857 440350 493.438 4832795 385836 169.435 352578
17 150.315 S49.665 340777 453.327 470.6 505,807 493005 504.321 477.265 36362 200.23 321.579
18  401.205 524.587 453614 414293 42827 503.739 546519 500.634 496,008 179.593 155563 154,184
19 317.22 447.624 418952 475668 468.081 492,826 503.142 493.789 497.306 397.662 296559  88.025
20 393.066 510.593 395904 443508 473,596 512264 545.231 517.358 360.781 440,669 276.091 167.018
21 265.065 518933 49121 420808 43174 503.703 55815 518407 346227 491.61 436828 393317
22 292.346 434.432 494891 491.223 179.561 491716 560.202 515498 471468  342.57 470.585 496.179
23 140,395 379.906 492.891  500.6 460,912 493.279 548.078 500296 464.909 463.524  375.01  529.42
24 16223 469.062 489,353 476182 455278 516507 543.047 51449 449668 332029 391126 352199
25 145441 SO5.586  493.2 401444 248,871 501483 491776 523.378 439.108 237.675 517.228 182,632
26 280.333 SO04.813 498518 462.623 347.996 514.566 433391 488663 402911 413.187 490,563 220176
27 286948 459.863 445928 493.525 408,917 492557 490778 447.068 486654 221402 476107 181.419
28 420,013 284,532 477.768 4281 451278 515913 489.569 442.047 523088 389466 423178 165.048

Days
(Dialy Avg.)

VRN N LW N

29 498.023 305773 453248 452336 493.464 478.218 61002 517.086 480.335 430,577 246.768
30 315376 323.794 408,142 434.642 AGB.E55 503.892 451.652 43256 459.174
21 429,525 519,737 502089 463.235

Monthly Avg. 310.8402 4233066 4326924 411,268 406.8334 480.0316 490.536 471.379 428,8484 3537727 366.1765 3209418

Avg. change of Irradiation 408.08 (W /m?)
Monthly max. 490.93 % Monthly max.change 23.82%
Monthly min. 310.84 % Monthly min.change 20.30%
Daily max. 551,36 % Dally max.change 75.52%
Daily min. 99.885 3% Daily min.change 35.11%
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Figure 2 Normal irradiation variations on a day.
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The control for ramp-rate is shown in Figure 5. At first, the inverter

attempts to inject all of its power into the grid, Pg(¢)

2

Ppy (t). When the

T =ual

|APG(t)] > rmax

Figure 3 Severe irradiation variations on a day.
maximum permissible ramp rate (r,,4;) is violated, the control is activated.

! in meters, and «a is a constant parameter (s/m).
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Figure 5 RRC model diagram.

The surplus or deficit power is then taken from (Pyq(t) > 0) or stored
(Ppat(t) < 0) in the battery. The battery’s stored energy (Epq:(t)) can be
calculated by the integral of Py, (t) over time. As a result, the total system is
easily calculated for any P,,(t) time series. The following Equations (3) and
(4) are used to calculate the required battery power and battery energy [26]:

P [90 — TTmax (1 +In %0 )] 3)

~ 100 TTmax

0.9P [ 90 90
E = —T\- !
bat. max(t) 3600 |:27nmax T < P { TTmax }>:| @

The fluctuation of PV power generation is symmetrical due to clouds
reaching and leaving the PV field. The min. to min. recorded data for
fluctuating PV power is presented in Table 2.

In this design, the capacity required to equalize the PV variation is
controlled and the capacity required for the most extreme fluctuations is

Pbat. max(t>
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Table 2 500 kWp plant min to min recorded data

Irradiation PV Output Transformer Output
Date Time (W/m?) Power (DC) kW Power (AC) kW
9/8/20  2:08:00 PM 694.17 174.9 118.86
9/8/20  2:09:00 PM 936.03 181.2 122.44
9/8/20  2:10:00 PM 958.57 182.44 126.2

calculated. Although the sign of fluctuations is unknown, the dual battery
capacity is needed to be able to handle rising and falling fluctuations. How-
ever, this can be realized by monitoring the charge and discharge dynamics
of the battery. The required capacity of the battery (Cq;) is determined using
the equation below [26],

Cbat = 2Ebat.max(t) (5)

The ESS state of charge (SoC) is measured as the ratio of instant ESS
energy (F)) to rated ESS energy (Fr), which is given as:
Ep

SoC(t) = En (6)

3 Configuration of Grid Connected System

The block diagram of a renewable grid-integrated system is presented in
Figure 6. The system consists of PV and HESS with associated high-gain
boost (HGBC) and bidirectional converters, as well as an inverter, a grid,
a PLL, and a filter. Using the Phase Locked Loop (PLL), an inverter can be
synchronised and its active/reactive power flow regulated by altering the feed-
back variables. The phase balance, voltage, and frequency of the inverter need
to match the grid, hence synchronisation with the grid is necessary. There are
specific techniques for this purpose. Among these, PLL is a frequently used
synchronisation technique. High-frequency harmonics can be reduced with
the L-C-L filter.

3.1 Control Method for the Proposed System

The control diagram for the proposed method is illustrated in Figure 7. When
the output power of the PV system exceeds a defined threshold, the battery
will be charged, and the battery will be discharged if the PV power generated
is less than the defined value. The battery current (Ip) is calculated from
the given Equation (7). The charging/discharging commands and current
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Figure 7 Control diagram of the proposed system.

reference are received by the converter controller from the system level
controller. This controller implements all converter control loops, such as grid
synchronisation, converter current control, and PWM pulse generation.

Ip=1Ig—1Ipy —Isc (N
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Several methods are available for calculating the gains of the PI controller
K, and 7. To improve the control loop performance, the PI controller must
be properly tuned. The following are some of the advantages of the PI
controller [27]:

1. Steady state response is good.
2. The current ripple is less pronounced.
3. The switching frequency is constant.

PI controllers can be used in either stationary or synchronous reference
frames. The synchronous PI controller is a common solution for grid-
connected three-phase converters because it converts the control variables
to DC and reduces the steady state error in the fundamental element to
zero. Depending on the criteria of the controller, the method can be chosen.
Cascade control generally requires a faster reaction time in the internal
loop. As a result, the internal control loop is designed to respond quickly.
The main goals of the outer control loop are control and stability. The inner
control loop is adjustable to a “modulus optimum” condition due to its quick
response and flexibility [28], whereas the outer loop is in a “symmetrically
optimum” condition to optimize system behaviour in response to disturbance
signals [29].

3.1.1 Modulus optimum method
The basic transfer function (TF) is [30],

2
~ wi(ks + wo)
b= s2(s + kwo) ®

Where k is a constant that can be symmetric around w = wg. The open-
loop TF of the system is given below in equation [31],

1+ st 1 Vin
Gor = <KP ST ) <1+5T5> <s) ©)

The Equations (8) and (9) are modified as follows:

KV (s+2) _ KV, (as+2)
Toatd 2 (st )

(10)

Whereas a and T, are the normalization factor and sampling period,
the Equation (11) provides the ensuing identifications. Rewriting the above
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equation, the following controller gains are obtained:

1
.= a— 11
w aTS (11)
r=aT, (12)
1
K = 13
aVTs (13)

The second order system is measured between bandwidth (wp) and
crossover frequency (w.) and is almost constant for the closed loop sys-
tem [32].

0.6 < < <08 (14)

Wy

3.1.2 Transfer function of the current controller
The PI current controller loop diagram is presented in Figure 8.
The current controller open loop transfer function is given as follows [33]:

1 1
ot =37 (529 )

The PI controller parameters are determined by the modulus optimum
tuning criteria for this system [33].

TouLpu
2T,

T; = Tpu (17)

K, = (16)

Where T; and K, are the integral time constant and proportional gain of
the PI regulator, 7 is a time constant, and 7, is the time delay of the converter.

R wed WORR | I N Y ) [

¥ ' (Ty — e k TS J ) 1 + T:JS ' Rp:.‘ ' 1 + rpus

i ¥ oIT

I g/ 1y

System

PI controller PWM converter P
transfer function

Figure 8 PI current control block diagram in Pu.
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Figure 9 Bode plot of the proposed current control system.

Hence, the open loop (G oL(s)) and closed loop (G¢yr(s)) current control
loop transfer functions are given by this tuning criterion as follows:

1 1
Gorls) = o7, <s(1+7s)> 1o

1
27252 + 2T,s + 1

GCL(S)

19)

The bode plot of the proposed current control system is presented in
Figure 9. For different values of K, while designing PI for the step response,
the following constraints must be considered [34],

* To obtain a less oscillatory response, phase margin should be high.
* 7 should be low, to get less settling time.
* Bandwidth and phase margin are affected by the value of K,.

To get maximum phase margin, the w. should be around grid frequency
(50 Hz). The closed-loop system (CLS) also has the features of a low pass
filter (LPF) with a band width of wp ~ w./0.7 ~ 71 HZ.
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4 Results and Discussion

The HIL system parameters are presented in Table 3. The HIL test bench in
the laboratory is equipped with OPAL-RT stacks, as shown in Figure 10.
Stacks can quickly create prototypes and hardware synchronization. The
plant and controller are installed on the OPAL-RT system in the RT-LAB
environment to operate at physical clock time. To validate the system

Table 3 System parameters

Specifications Values
PV Capacity (Ppv) 500 kW,
Time constant (7) 2 sec
Shortest dimension of PV plant (/) 56.6 m
Grid Voltage (V1) 415 V (rms)
DC Link Voltage (Vpc) 700 V
Inverter Power (P) 523 kW
Ramp rate value (rma2) 0.166
Battery power (Poat.maz) 462 kW
Battery energy (Evat.maxz) 35.5 kWh
Battery capacity (Cpat) 71 kWh
Rated voltage (V¢) 16
No. of SCs in series 2
Rated capacitance (Crqated) 58 F
Frequency (f) 50 Hz

Filter values

Ly =51 uH, Ly = 0.7 uH, C = 452 uF

RT-LAB SYSTEM
SOFTWARE

Figure 10

---------- #
C-

FOUR CHANNEL DSO S

PCB
ANALOG OUT
s\ (0-31 PINS)

|

HIL Results set-up.
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Figure 11 Simulation results for grid voltage (V4,iq) and grid current (/4,;4) in Pu.

results, the OP5700 HIL test bench, RT-LAB system software, MSOX3014A,
PCBE06-0560 control board, probes, and connecting wires are used.

Case i: When I; = Active; I, =0
Case ii: When Iy = Active; I; = (1-Vg)*2*I41ing

Figures 11(a) and (c) show the simulated results of grid voltage and
current values in per-unit (Pu) terms. The zoomed values of grid voltage and
current are presented in Figures 11(b) and (d). The waveforms can be seen to
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Figure 12 HIL results: (a) PV, (b) battery response to the grid, and (c) SC currents in Pu.
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Figure 13 HIL results: (a) battery SOC, and (b) DC-bus voltage.

be sinusoidal in nature. The variation in the PV’s current profile is depicted
in Figure 12(a). The output of the BESS current with respect to the grid is
presented in Figure 12(b). As shown in Figure 12(b), the power injected into
the grid by PV with ESS changes gradually when the irradiance fluctuates.
The response of the SC current is presented in Figure 12(c). The sudden
variations in battery current can cause stress on the battery and reduce its
lifetime. The SC responds to these variations by removing transients from the
battery. As a result, the life of the battery device has increased. Figure 13(a)
shows the battery state of charge (SoC), and the initial SoC is considered to be
70%. The battery SoC responds to the charging and discharging cycles of the
battery. Figure 13(b) depicts the constant DC link voltage. The zoomed view
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Figure 14 HIL results: Zoomed view of (a) grid voltage (Vg,i4), and (b) grid current (Igsq).
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Figure 15 HIL results: (a) active, and (b) reactive powers in Pu.

of grid voltage and current of HIL results is presented in Figure 14(a) and (b).
The active and reactive powers are shown in Figure 15(a) and (b). In this case,
the active power response is based on the controller’s battery response to the
grid. Because there is no variation in the amplitude of the voltage, the reactive
power is not shown. As a result, the control is deactivated, and I, = 0.
Power outages and voltage fluctuations can cause distributed generation
systems (DG) to be quickly disconnected from the grid, increasing their use
in power distribution networks. Hence, DG units are required to assist the grid
in fault situations. The significance of these requirements is fault ride-through
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Figure 16 Simulation results for grid-voltage (Vgria—drop) and grid current (I4,-;4) in Pu.

capability (FRT). It basically allows the controller design in such a way that
RES can remain associated with the system during abnormal operation con-
ditions and contribute to voltage support during and after abnormal operating
conditions [35-37]. In this case, a reference current generation method is
used in the proposed FRT control strategy to eliminate oscillations in the
active power during unbalanced voltage dips and sustain the stable DC-link
voltage. As shown in Figure 16(a), the amplitude of the voltage decreases
during an interval of 6-7 s to its original value. The response of the grid
current is presented in Figure 16(c). The zoomed values of grid voltage and
current are shown in Figures 16(b) and (d). The HIL results of the grid
voltage and current are illustrated in Figure 17(a) and (b). In a fault condition,
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Figure 18 HIL results: (a) active, and (b) reactive powers.

active power is reduced to its original value in a time period of 6 to 7 s in
Figure 18(a). The reactive power must be regulated effectively to maintain
a constant grid voltage during transient faults. As a result, the control is
activated, and the reactive component of power is compensated for during the
6-7 s interval depicted in Figure 18(b). This assists the grid in maintaining
voltage stability in the event of a fault. Reactive power is supplied to assist
with voltage recovery based on the depth of grid voltage sags.
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5 Conclusion

The proposed system is used to dynamically charge the integrated BS to
mitigate voltage rises during midday and discharge it during the night peak
hours and to simultaneously charge or discharge the integrated SC storage
in order to regulate the rapid fluctuations in the PV converter of a specific
magnitude. An energy sharing method between BS and SC storage is pre-
sented to provide continuous control of fast variations during cloud passage.
Hence, solar PV with a capacity of 500 kW, requires only 71 kWh of battery
energy to smooth out the output of PV variations due to irradiation and
temperature. The proposed control allows the system to generate reactive
power to assist the grid during a fault and also assists the grid in maintaining
voltage stability during a fault. Reactive power is provided to assist with
voltage recovery based on the depth of grid voltage sags. After the grid
voltage is restored to its nominal value, the RES system delivers real power
as quickly as possible to keep a real power balance, thus helping to restore the
entire system. The proposed FRT capability system is based on the reference
current generation method and it eliminates active power oscillations during
unbalanced voltage dips. The performance of the solar energy generated by
controlling its ramp rate smoothly improves grid stability and reduces the
need for energy storage. The system’s performance was evaluated using the
HIL test bench. As a result, the power injected into the grid through PV with
HESS changes gradually during a sudden variation in irradiation levels.
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