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ABSTRACT This paper presents the development and operation on 13.8kV distribution systems of a
peak-shaving equipment with battery energy storage. This equipment injects active power to grid during
peak times (when the cost of energy is higher) and charges its battery banks from the grid at the off-peak
times (when the energy has a low producing cost). The equipment is based on a multilevel converter coupled
to the grid through a 2.4kV:13.8kV transformer. In addition to the peak-shaving functionality, a feature of
compensation of harmonics on the distribution voltage is included, without the need for any extra sensor nor
hardware (apart from the ones already in use for the peak-shaving). The compensation of voltage harmonics
is performed through the emulation of a harmonic resistance in order to damp resonances between system
impedances that are excited by non-linear loads. This approach is very appealing to distribution systems,
where the non-linear loads are not accessible and are scattered. Experimental results obtained on a 13.8kV

test substation are presented.

INDEX TERMS Batteries, energy storage, power harmonic filters, multilevel converters.

I. INTRODUCTION
The inevitable exhaustion of recoverable fossil fuels can be
roughly estimated by around the end of this century [1].
This fact and also the negative environmental impact of fos-
sil fuels have motivated an increasing usage of renewable
energy sources [2]. However, the intermittent nature of these
renewable sources has introduced issues of system stability,
reliability and power quality [3]. In order to address the
intermittency issues, it is necessary to match the intermit-
tent power generation with load demand - which can be
achieved with energy storage systems, as they are capable to
equalize fluctuations and compensate the mismatch between
generation and consumption [4].

The mismatch between generation and consumption is also
an issue regarding traditional steady output generation and a
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load profile that drastically changes during periods of the day
or seasons of the year. In order to properly supply the peaks in
demand, the whole system must be designed with a capacity
over its nominal - which implies in the system operating on
its limits during some periods of the day and well bellow its
maximum capacity on other periods [5]. In theses cases, also,
an energy storage system, would greatly increase the overall
efficiency by storing energy during low demand periods and
injecting this energy back to the grid during the peak times -
in an application known as Peak-Shaving.

The decision on the storage of energy or its injection
back to the grid can be of deterministic nature (where fixed
time-of-the-day are used for storage and injection, such as
presented in [6]) or of probabilistic/stochastic nature (where
the demand is forecast considering uncertainties, such as
presented in [7]). Most of the time, this decision can be
supported with the use of software tools that can simulate
and plan the integration of renewable sources. A review

182117


https://orcid.org/0000-0003-2335-4584
https://orcid.org/0000-0003-3789-4696
https://orcid.org/0000-0001-7681-8026

IEEE Access

W. C. Sant'ana et al.: 13.8 kV Operation of a Peak-Shaving Energy Storage Equipment

of 37 of the most popular of such softwares tools is presented
in [8].

Electrical energy can be stored by means of its conversion
into another form of energy and, then, reused by the reverse
process. Comprehensive reviews on energy storage system
are presented in [2] and [9] - here these systems are only
superficially grasped. When the electrical energy is converted
into mechanical energy, the three most utilized systems are
Pumped Hydro Storage (PHS) [10], where water is pumped
from a lower to an upper reservoir (hence with higher poten-
tial energy); Compressed Air Energy Storage (CAES) [11],
where a gas under pressure is compressed into a reservoir (to
be later expanded and move a turbine in order to generate
electricity); Flywheel Energy Storage (FES) [12], where a
massive spinning cylinder stores the kinetic energy from
a reversible electric machine (motor/generator). Electrical
energy can also be converted into electrochemical energy and
stored in batteries (either of conventional chemistries or of
the more innovative flow technologies) [13]. Also, hydrogen
fuel cells [14] provide a clean storage solution, as the energy
is stored in the hydrogen (through the electrolysis of water -
producing oxygen as a by-product), that is later recombined
recombined with the oxygen, producing energy and releasing
only water vapor in the environment [2]. Finally, the electrical
energy can also be stored directly, either on the electric field
of a supercapacitor [15] or on the magnetic field of a Super
Magnetic Energy Storage (SMES) [16].

Each of the referred storage alternatives is more suitable
to a given application than others, depending on power and
energy ratings, response time, weight, volume and operat-
ing temperature [3]. According with [17], CAES, PHS and
batteries are more suitable to applications requiring high
energy density (constant power for long periods of time
- from minutes to hours), whereas SMES, supercapacitors
and flywheels are more suitable for applications requiring
high power density (bursts of high power for short periods
of time - from few seconds to some minutes). Consider-
ing a Peak-Shaving application, where the storage system
must be able to supply power for some hours, CAES and
PHS would be the most appropriate solutions for massive
storage [1] - however as they both require costly infrastruc-
ture (and also special site requirements), for smaller power
ratings, the storage on batteries becomes the best option.

In arecent paper [18], the authors have presented some pre-
liminary results of a peak-shaving experiment with lead-acid
battery storage. In that paper, the experimental results had
been obtained in a single-phase 127V test bench. Here,
an extension of that paper is proposed, presenting the results
and implementation details for the equipment’s operation
in a three-phase 13.8kV test substation. The greatest chal-
lenge concerning the 13.8kV operation is the blocking volt-
age capability of the semiconductors used in the electronic
converter. In [19], the authors have used a distribution
transformer to increase the voltage capability of a series
active power filter. However, the higher the transform ratio,
the higher will be the current ratings at the low voltage side.
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Here, a transformer is still used - however, using a multi-
level topology on the converter, the transform ratio can be
decreased and also the current rating of the semiconductors.

Although the literature presents algorithms based on real
time monitoring of demand [20] and stochastic predictions
of the demand [7], this present paper takes the more simple
and deterministic approach, using a fixed known time table in
order to decide about the power injection. Although simple,
this approach is perfectly valid when the demand profile is
known, as in the case of the Brazilian residential consumers
(as reported in [21]). And, considering an intention of this
paper to serve as a didactic reference material (the underlying
project from which this paper originates is a partnership
between an university, a research institution and a utility
company), a fixed time table of operation is the best solution
in order to explicitly show the different stages of operation of
the equipment - although its power reference command could
be easily switched to a more complex stochastic approach.

Another aspect that this paper presents is the damping
of harmonic propagation on distribution networks (in order
to improve voltage quality). Harmonic propagation is the
result of series and/or parallel harmonic resonance between
line inductors and shunt capacitors installed on the distribu-
tiion system [22]. Traditional Active Power Filters (APF)
(which also comprise STATCOMs and UPQCs [23]) have
been successfully employed to mitigate harmonic distortion
since decades. However, for optimal use, previous knowledge
of the type of load, either being of current source type (recti-
fiers with large DC inductance) or voltage source type (recti-
fiers with large DC capacitance) is required [24]. Moreover,
according with [22], there are unidentified loads (low power
loads that produce a negligible amount of distortion when
considered individually - however several of them may cause
large distortion to the system). Also, traditional APFs must
be installed in the vicinity of the loads that one desires to
compensate. However, in a distribution line, as the number
of non linear loads might be high and, as these loads might
be scattered along the line, the use of one dedicated APF
to each non linear loads would not be economically viable.
Hence, it is proposed in [22] the use of only one shunt APF
to mitigate harmonic propagation on the entire line - instead
of the direct compensation of the distorted currents. The
basis for using a shunt APF in order to damp resonances,
actually, has been introduced in [25]. In that work, the goal
was to damp resonances between the grid impedance and the
impedance of passive filters and capacitor banks. According
with [25], the use of a passive resistance in order to damp the
resonances would increase losses. On the other hand, the use
of an emulated harmonic resistance can damp the harmonic
components without having an influence on the fundamental
frequency - hence without dissipative losses. As the APF must
emulate a harmonic resistance, this application is known as
Resistive Active Power Filter (RAPF).

This approach of damping resonances / harmonic prop-
agation (instead of the conventional local compensation
of non-linear loads) is very attractive to be used as an
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additional feature to the peak-shaving equipment, as no extra
sensors nor additional hardware investment is required. The
damping of harmonic propagation functionality has been
added by the authors in [26] as a feature to a peak-shaving
application (without the necessity of any extra sensors nor
additional hardware - other than the ones already used in
the peak-shaving application). However, that paper has been
written in Portuguese language - which restricts its usage to
only a fraction of the readers. Moreover, just like in [18],
in [26] the results have also been collected in a 127V test
bench. Here the same idea is extended to 13.8kV distribution
level. It is important to note that a harmonic damping com-
pensation has already been proposed as a feature in inverter-
interfaced distributed generators in references [27]-[29].
In this current paper, a similar feature is proposed for a
peak-shaving equipment.

Section II presents the theory of operation of the peak-
shaving equipment and its control algorithms. In Section III
the added feature of damping of harmonic propagation is
presented in detail. Section IV presents the hardware aspects
of the developed equipment, including the solutions to some
practical issues. Experimental results in a 13.8kV test substa-
tion are presented in Section V.

Il. PEAK-SHAVING

Figure 1 presents the three-phase electrical circuit of the
peak-shaving equipment. It is composed by the connection of
three single-phase independent modules connected through
a coupling transformer. Each of these single-phase modules
is a cascaded H bridge multilevel converter (although other
topologies could have been used as well) described in sub-
section II-A. The control of each of the single-phase modules
is based on reference [18] and is overviewed in Figure 2.

Single
phase .
module fi

! 13.8kV grid
Fig. 3

L A 24kv:13.8kY
Single .
phase s
module —
Fig. 3

i.

Single ‘LT
phase
module _L
Fig. 3

FIGURE 1. Electrical circuit of the three-phase peak-shaving equipment.

The Decision on AC Power & Battery Control block
(described in subsection II-B) determines the reference value
for amplitude of the AC current igp* (where @ can be any
of the three phases A, B or C). This amplitude can have
a positive or negative value (depending if the equipment is
injecting power to the grid or charging the battery banks from
the grid) and is multiplied by an unitary sinusoid (obtained
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FIGURE 2. Overview of the peak-shaving functionality.

from a digital PLL. The appendix A presents the implemen-
tation details of the PLL. It is important to note that any of
the popular PLL schemes presented in the review [30] could
have been used. From these, the method of [31] has been
chosen, as it does not require the tuning of a PI controller. The
unitary sinusoid is always in phase with the installation site
line-neutral voltage vgy. Hence a positive amplitude results
in an AC current in phase with the AC voltage and a negative
amplitude results in an AC current 180° out of phase with the
AC voltage.

The actual AC current ig, generated by the converter, must
track its reference with zero error - thus a closed loop con-
troller is used. However, it is important to note that traditional
PI (Proportional plus Integral) controllers are not able to track
sinusoidal references without steady-state errors. Hence, a PR
(Proportional plus Resonant) controller is used (whose imple-
mentation details are presented in the appendix B).

The output of the PR controller vy,,,e™ is the reference for
the multilevel PWM modulator described in subsection II-A.

A. MULTILEVEL CONVERTER AND PWM MODULATOR
Reference [32] presents a comprehensive review on converter
topologies applied to battery energy storage systems. Some of
these topologies rely on transformers to elevate the converter
output voltage from hundreds of volts to medium voltage
levels (at the order of tens of kVs). However, the higher the
transform ratio, the higher will be the current that the semi-
conductors will have to support. In order to avoid the bulky,
lossy and costly transformers, [32] also presents multilevel
topologies based on series connection of submodules.

A review on multilevel converters for grid interface is pre-
sented in [33]. Among them, the Cascaded H-Bridge (CHB)
topology (presented in Figure 3) has been chosen, as it is a
modular topology and each submodule is the well known H
bridge (also known as full bridge) converter. The submodules
are connected in series from their AC terminals, which results
in isolated DC terminals at each submodule - which, in turn,
makes this topology ideal for systems fed with batteries.

Regarding PWM methods for the CHB topology,
section 7.4 of [34] discusses about two techniques:

o phase-shift PWM: where the triangular carriers have the
same frequency and amplitude, but have a phase shift
from each other;

o level-shift PWM: where the triangular carriers have
the same frequency but are level shifted, vertically
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FIGURE 3. Electrical circuit of each of the three single-phase CHB
converters of Figure 1.

(as opposed to the horizontal displacement of phase-shift
carriers).

According with section 7.4 of [34], the level-shift method
presents a better THD (Total Harmonic Distortion) than the
phase-shift, however the switchings of power semiconductors
are uneven among the bridges (which implies in uneven
power losses and stresses) and requires some form of power
balance strategy. Hence, the phase-shift method has been cho-
sen, due to the fact that it has, intrinsically, equal distribution
of power and semiconductor stresses among the bridges [35]
and, also, due to its easy programing on DSPs.

Considering that each of the H-bridge submodules oper-
ates with an unipolar pattern [36, pp. 215-218] (switching
only between one pole at a time: between +vpc and OV
and between OV and —vpc, as seen on the three upper
plots of Figure 4), the number m of voltage levels at
the resulting series output is given by (1), according with
[34, p. 124]. Hence, for the three cascaded H-bridges of
Figure 3, the resulting number of voltages levels at vi,e
equals seven: +3 - vpc, +2 - vpc, +1 - vpc, OV, —1 - vpc,
—2-vpc and —3-vpc, as seen on the bottom plot of Figure 4.

m=2-H+1, (1)

where H is the number of series cascaded H bridges.

The resulting staircase pattern presented at the bottom plot
of Figure 4 originates from the intentional phase shift inserted
between the triangular carriers of each of the submodules
during the generation of PWM pulses. The phase shift ¢,
among each PWM carrier is given by (2), according with
[34, p. 127]. Hence, for the three cascaded H-bridges of
Figure 3, the phase shift must be 60° - which results in
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FIGURE 4. Seven level pattern obtained from three unipolar H bridges.
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FIGURE 5. Generation of multilevel PWWM pulses.

the relative angle of the triangular carriers as 0° (and its
complimentary 180°), 60° (and its complimentary 240°) and
120° (and its complimentary 300°). Figure 5 presents a block
diagram of the multilevel modulator for three H-bridges.
It can be noticed that the well know structure of the unipolar
PWM [36, pp. 215-218] is repeated three times - whereas
the only difference between them is the phase angle of the
triangular carrier. A detailed procedure for programming the
PWM modules of the TMS320F28335 DSP aiming multi-
level converters is presented in [37]. Also this procedure must
be similar for other devices within the C2000 family of Texas
Instruments DSPs.

5, = 300 360° o
T m—-1 H

B. DECISION ON THE AC POWER AND BATTERY CONTROL
Figure 6 presents the proposed discharge profile of the bat-
teries, based on a known demand. Four time marks (¢, 1, 13
and #4) are specified, where the reference for the DC current
ipce™ varies according to the position of the time of the day
in relation to theses time marks.

During the peak time interval (from #, until f3),
the DC current discharge is maximum, with value Ipcyax-
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However, there is a time interval before the peak (from #;
until #,) where the demand is still growing - hence the DC
current follows an increasing ramp (negatively) according
with (3). Following the same reasoning, there is a time
interval after the peak (from #3 until #4) where the demand
is decreasing - hence the DC current follows a decreasing
ramp (negatively) according with (4). Then, after ¢4, the con-
verter starts to recharge the batteries - preparing them for the
next injection cycle at the next day.

t—1
t2—t1'

. * _
IDCo \increasing = Ipcmax - )

iDC<I>*| 7 .<1_ t—t3> )
decreasing DCmax fh— 13 :

Both the discharging and recharging of the batteries take
place indirectly, as the AC current is controlled by the PR
controller. According with the signal convention of Figures 1
and 3, for an AC current in phase with the AC voltage,
the power flows from the grid to the batteries (thus recharging
them) with a positive average value on the DC currents. The
amplitude of ig (in phase with vy ) determines how positive
is the average value of ipcepy (Where the H index refers to
any of the H bridges in Figure 3).

Conversely, for an AC current 180° out of phase with the
AC voltage, the power flows from the batteries to the grid with
a negative average value on the DC currents. The amplitude
of igp (180° out of phase with v ) determines how negative is
the average value of ipcoq.

According with Figure 6, the knowledge of the time of the
day (#) is crucial to whether recharge the equipment batteries
or to inject power to grid (and in what amount of injection).
To accomplish this, a real-time-clock from a GPS module
has been used. This module communicates with the DSP
via serial UART protocol. A detailed procedure for UART
communication between the TMS320F28335 DSP and the
GPS is provided in [18], as well as a procedure to decode the
time of the day information from the data received (which
also includes several other information).

iDCd>*

A —
%‘@ charge discharge charge
%‘Q Ets 3 .
(4)
iDCmax )

FIGURE 6. Discharge profile for the DC current based on the time of the
day.

Figure 7 presents the internal diagram of the Decision on
AC power & Battery Control block of Figure 2. After, the time
of the day information has been received and decoded from
the GPS module, the reference for the DC current ipce™® can
be determined based on the flowchart of Figure 8.
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FIGURE 7. Decision on the AC power based on battery measurements and
time of the day information.
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Decrease injection
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\

Charge batteries
lthaD’k <1

ChargeMax

Battery Control
Fig. 9

FIGURE 8. Decision on the DC current reference based on the time of the
day information.

As informed previously, the DC currents ipcoy are indi-
rectly controlled by the amplitude of the AC current ig,
according with the flowchart of Figure 9. Besides the refer-
ence for the DC currents ipce™, this block also has as inputs
the average value ipc ¢ of the DC currents of all H bridges at
the phase @ (ipcon,for H = 1, 2, 3), the average value vpco
of the DC voltages of all H bridges at the phase ® (vpcow,
for H = 1, 2, 3) and the reference for the DC voltage vpco ™.
It is interesting to note that ipce™ is tracked by ipceoy only
during battery discharge and during the stage I of the charging
process and that vpce™ is tracked by vpceg only during the
stages II and III of the charging process.

As described in [38] and illustrated in Figure 10, the charg-
ing process of Lead Acid batteries is performed in three
stages. During Stage I, the currents in the batteries ipcoy
are kept constant (at their reference value ipco™) while
their voltages vpcen gradually increase (until reaching their
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FIGURE 9. Battery control.
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FIGURE 10. Charging of lead acid batteries in three stages [38].

reference value vpco™). During Stages II and II1, the voltages
in the batteries vpcepy are kept constant (at their reference
value vj,~q) - however at Stage II the ipcoy slowly drop
from ipce™* (when they were in Stage I) until near zero (when
they pass to Stage III). During Stage III, the batteries are
already fully charged and they draw a minimum current only
to keep their voltages “floating” around vpce™. The value
of the floating voltage is given by the manufacturers. It is
possible to adjust this floating voltage in real time in relation
to the batteries temperature, in order to preserve their life-
time [39] - however, here, it is considered the manufacturer
recommended value at 25°C.

The flowchart of Figure 9 controls the amplitude of the ref-
erence AC current ig™ by means of its increment/decrement
based on the values of ipce*, ipce, vpco ™ and Vpce. During
Stage I charging, the condition Vpco < vpco ™ will be always
satisfied. Hence, the average value of the DC currents is
kept around its reference either by incrementing the ampli-
tude of the AC current (Ampl(ie™*)) with a step size Agpyp
(when ipco < ipce ) or by decrementing Ampl(ie*) when
E > ich)*. On the other hand, during Stages II and III,

182122

the condition ipco < ipceo will be always satisfied (as ipco
is a constant maximum charging current and ipce drops as
the batteries get charged) and vpco is kept around vpco™
either by incrementing or decrementing Ampl(ip™) with a
step size Agmpi.

Similarly to Stage I charging, when the converter is inject-
ing power from the batteries, the condition Vpco < vpco™
will be always satisfied. However, in this case, the reference
for the DC current is negative. Hence Ampl(ip*) is incre-
mented/decremented negatively, in order to achieve an AC
current 180° of phase in relation to the AC voltage.

During all three stages of charge and also during discharge,
there is a maximum limit for Ampl(ie*), of value Amplyy,
which is tested at every increment/decrement.

Ill. DAMPING OF HARMONIC PROPAGATION

Figure 11 presents the block diagram of the RAPF fea-
ture. The damping of harmonic propagation is obtained
by the emulation of a harmonic resistance, one for each
frequency of interest. From the installation site line-neutral
voltage vy, the desired harmonic components are obtained
(subsection III-A). Based on these harmonic components,
the optimized value for each harmonic resistance is calculated
(subsection III-B). For each of the harmonic components of
the installation site voltage v;, (where the subscript 4 refers to
a specific harmonic order), a parcel ij, of the total harmonic
compensating current i, is calculated. Finally, ijqp, is
added to the peak-shaving reference current i¢* in Figure 2.

Von 5% harm is Lharm
detection @
I-A
Decision
RAPF 5 on Rs

FIGURE 11. Overview of the RAPF feature [26].

A. DETECTION OF VOLTAGE HARMONICS

A survey on methods for harmonic detection is presented
in [40]. There are presented time domain and frequency
methods, whereas the time domain is more appropriate for
real time implementation. However, the majority of these
time domain methods requires coordinate transforms, which
results in more computational effort. Among the frequency
domain methods, it can be highlighted those that introduce
high gain and zero phase-shift at a desired frequency by
means of a second order transfer function with resonant poles.
One of these methods is presented in [41] and is, particularly,
interesting for single-phase systems (which is the case of this
project, where three independent single-phase systems are
connected together). This method, at continuous frequency
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domain, is implemented as (5).
§2 + a)%

Hy(s) = — " @h
(s) 52+ 2wes + @)

)
where wy, is the tunned frequency and w, is the bandwidth of
the notch to be generated.

The algorithm of Figure 11 requires one tunned filter for
each frequency desired to be damped. Considering the major-
ity of non-linear loads produce distortions at the order of
6-n£1 (where n = 1, as the superior orders can be considered
negligible), it is enough to tune the filters for the 5" and the
7" harmonics - although some other frequencies might be
required at specific cases.

As this filter is implemented in a Digital Signal Processor,
(5) can be discretized with a Trapezoidal/Tustin method [42],
resulting in the difference equation (6). The parameters ajy,
aryn, boyn, b1yn and by, are obtained as (7).

v, (t) = —app-v, ¢t —1) —agy - v, (t —2)
+bovi - von (t) + b1y - van (@ — 1)
+bovp - von(t — 2). (6)

aoun =4/T? +4 - 0c/Ts + 0] ;

ain = [—8/T2 +2- 7] /aow ;

apn = [4/T? — 4 - wc/Ts + wj] /aow ;
bown = [4/T? + w}] Jaow ;

biyh = aivn ;

N

bovi = boyn,

where T is the sampling period.

It is important to note that (5) implements a notch filter.
Hence, the signal v, (¢) contains all frequency components
of von () other than the desired component at order 4. Thus,
the desired component v;(¢) is obtained as (8).

vi(t) = von () — vy, (1). ®)

B. DECISION ON THE HARMONIC RESISTANCE
The harmonic compensating current to be injected into the
grid is calculated by the installation site voltage vgy divided
by the desired value of harmonic resistance. In general,
the lower the resistance value, the better the damping of
harmonic propagation - however, the ratings of the APF
are required to be higher. The literature indicates several
methods to determine an optimal value for the harmonic
resistance. In [43] it has been used a distributed parameter
model for the distribution line in order to equate the harmonic
resistance with the characteristic impedance of the line -
however, this value cannot be a fixed value, as there might be
connection/disconnection of capacitor banks according with
demand. In order to dynamically obtain the characteristic
impedance of the line, an ARIMAX parameter estimator is
proposed in [44].

The RAPF emulating the characteristic impedance of the
line, however, must be installed at the end of a radial
line, as they must act as a matching impedance. Other
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(and simpler) methods, only vary the harmonic resistance in
order to make the harmonic distortion fall bellow a predefined
limit. In [45] the THD of the installation site voltage has been
compared against a reference value. Whenever the measured
THD is higher than its reference, the harmonic resistance is
decremented - also, whenever the THD is bellow its reference,
the harmonic resistance is incremented. In [46] the harmonic
resistance is calculated for each frequency individually, based
on the voltage distortion at that frequency, in order to avoid
over compensation at the other frequencies.

Figure 12 presents a flowchart to determine the value of
the harmonic resistance to be emulated by the RAPF. It is
important to note that the same algorithm must be repeated
for all desired frequencies - in case of the experimental results
presented in section V, the 5 and the 7" harmonics.

FIGURE 12. Decision on the harmonic resistance and on the
compensation current.

The procedure starts with the 4 harmonic component
of the installation site voltage, obtained in subsection III-A.
Then, the RMS value of this harmonic component is calcu-
lated as (9).

&)

where 7y, is number of samples in one period of the /™ order.

The RMS value of the 4™ order is compared against a
reference value - if superior, then the value of the harmonic
resistance Ry, is decremented of a value ARj, - if inferior, then
the value of Ry, is incremented. In both cases, a saturation is
performed in order to keep R, between the allowed minimum
(Rpymin) and maximum (Rpp.y ) Values.
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Finally, the 4" order of the compensation current, which
will be responsible to emulate the harmonic resistance Ry, at
that frequency is calculated as (10).

in = vi/Rp. (10)

IV. DEVELOPED EQUIPMENT

Figure 13 presents a photo with a general view of the devel-
oped equipment. It is formed by three independent single
phase modules, identified as numbers 1, 2 and 3 - whose
power circuits have been illustrated in Figure 3. This photo
also shows the three battery banks, identified as numbers 4,
5 and 6, one for each phase. Each phase battery bank, in turn,
is formed by three floating series array of 67 lead-acid bat-
teries, resulting in 67 - 12V = 804V (nominal) for each
H-bridge.

FIGURE 13. Photo of the developed equipment (1, 2 and 3) and the
battery banks (4, 5 and 6).

Figure 14 presents a photo of the electronics subsystem of
one of the three phases. The number 7 identification is the
Adafruit GPS board. It communicates with the DSP board
(identified as number 8, with a TMS320F28335 processor)
via UART (as described in [18]). It should be noted that each
phase has its own DSP. This was necessary due to the high
number of PWM signals required to control three H-briges
per phase.

Number 9 indicated in Figure 14 is a board with 24V
relays and optocouplers, required to interface the TTL 3.3V
from the GPIOs of the DSP with contactors and the human-
machine-interface (buttons and lamps). The input range of the
analog signals on the DSP is from OV to 3V. Hence the output
of the CTs and PTs must be conditioned through operational
amplifiers (indicated as number 10). Number 11 indicates
circuits that translate the TTL 3.3V from the GPIOs to the
15V of the optical fiber interface boards of number 12. From
number 12, optical fibers are connected to the H-bridges,
in order to command their IGBTs.

Figure 15 presents a photo of the power subsystem of
one of the three phases. It should be noted that there are
three shelves, on for each H-brige of that phase. The num-
ber 13 identifications are the DC capacitors of the H-briges
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FIGURE 14. Electronics subsystem (of one phase).

while number 14 are the DC inductances (Cpc and Lpc,
respectively, connected as indicated in the circuit of Figure 3).
The number 15 identifications are 100W resistances part of
the pre-charge circuit of the DC capacitors (described in
subsection IV-A).

A. PRE-CHARGING OF THE DC CAPACITORS

Whenever a step voltage variation is applied to a discharged
capacitor, the charging current will result in an impulse,
proportional to the capacitance value and also on the step
variation (ic(t) = C - dV/dt). In case of the developed
equipment, due to the high value of the DC capacitors and,
mainly, due to the high value of the DC voltages of the
battery banks (804V nominal), the impulse on the current,
if not properly dissipated, may trip circuit protections or cause
damage to some circuit parts.

A pre-charging circuit, through a series resistance (that is
short-circuited after the charging time by a contactor) has
been proposed in [47]. In that case, there were no battery
banks and the capacitor voltage was controlled from the AC
current. Here, due to the battery bank connection, the series
resistance should be connected on the DC side. Also, in the
case of [47], the contactor had to be rated to support the nomi-
nal current of the converter. Here a modification is performed,
as presented in Figure 16, in order to allow a small rating DC
contactor to conduct during the charging time and be released
after, for normal operation of the converter.
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FIGURE 15. Power subsystem (of one phase).
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FIGURE 16. Pre-charging circuit of DC capacitors (of one phase).

Whenever the battery banks must be connected to the
equipment, the operator must press the normally open (NO)
push-button, commanding a small rating DC contactor (also
with NO contacts) to insert the charging resistor (Reparge -
number 15 in Figure 15) in series with the DC capacitor
Cpc. The RC time constant formed between R 44rge and Cpc
produces a (relatively) slowly rise capacitor voltage - which,
in turn, draws a reduced charging current. Once the capacitor
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is charged (even, partially charged), the DC breakers can be
closed and the equipment is ready to operate. It should be
noted that the “slow” rise in the capacitor voltage, actually,
correspond to the press and release of the push-button (due to
the the fact that the electric dynamics are much faster than
the perception of the human operator). Figure 17 presents
the waveforms of the voltage (CH1 - yellow) at one of the
DC capacitors and its charging current (CH2 - green). It can
be noticed that, for Reparge = 10022 and Cpc = 6666.7uF
(equivalent capacitance of a series-parallel array of 10000 F
capacitors), in less than 2s the voltage reaches its nominal
value (804V). It can also be noticed that the peak charging
current has been limited by the 100€2 resistance to 8A.

500ms/ /- Sngl stop | [ zuﬁfgig

Q200 B 4.0 [

FIGURE 17. Slow pre-charge of DC capacitor using the circuit of Figure 16.

V. EXPERIMENTAL RESULTS

Figure 18 presents the test 13.8 kV substation used in the
experiments. The number 16 identification is a 220V:13800V
tree-phase transformer used to provide the 13.8kV grid for
the tests and number 17 is the 13.8kV:2.4kV coupling trans-
former of Figure 1. Numbers 18 indicate the PTs and num-
bers 19 the CTs. The non numbered elements in the photo
were not used in the experiments shown in this paper, as this
substation is shared with other projects.

Figure 19 presents the operation of the seven level cascaded
H-bridge. The yellow plot is the voltage at the output of one
of the H-bridges v43, switching between +vpc and OV during
the positive half cycle and between OV and —vp¢ during the
negative half cycle. The output of the other two H-bridges
at this phase (v42 and v41) should be similar. The green plot
is the resulting voltage at the output of the seven level CHB
converter (Vajmy = Va1 + va2 +va3). It can be noticed that this
green plot is similar to the bottom plot of Figure 4, apart from
the ripple at the DC voltage of each H-bridge. The red plot is
the AC current i4 of that phase. At this particular instant of
operation, the equipment is injecting power to the grid, and
the AC current is 180° out of phase in relation the converter
output voltage, according with the signal convention adopted
in Figure 3.

Two experiments have been performed: the peak-shaving
operation (subsection V-A) and the voltage harmonics
compensation (subsection V-B).
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FIGURE 18. Test 13.8 kV substation.

5ms/ Auto  Stop St

FIGURE 19. Operation of the seven level cascaded H-bridge converter.

A. PEAK-SHAVING OPERATION

In this experiment, a power and energy logger (by Fluke)
has been used to acquire the voltages (at the secondaries of
PTs) and the currents (at the secondaries of CTs) at the three
phases of the 13.8kV buses, in order to obtain a trend of
the three-phase power. Also, an oscilloscope (by Rohde &
Schwarz), with logger functionality, has been used to obtain
the trends of the DC voltage in one of the battery banks and
the current at this same bank.

With a sampling interval of 1 minute, during 16 hours
(which were enough to show all stages of operation),
the aforementioned signals have been acquired, as presented
in Figure 20. The trends show the equipment starting power
injection to the grid at 13:00 (following the injection profile
of Figure 6). From 13:00 until 14:30, the tree-phase power
(top plot, black color) increases negatively (according with
the signal convention adopted in Figure 3) on a ramp from
zero to around -20kW (which was the adopted maximum
power for the tests). From 14:30 until 16:30, the equip-
ment is in its maximum (and constant) power injection stage
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(Ppax = —20kW). From 16:30 until 18:00, the injected
three-phase power decreases (negatively) on a ramp from -
20kW to zero.

Figure 21 presents the voltages and currents at the 13800V
bus (measured at the secondaries of PTs and CTs) at time
15:30 - hence, during maximum power injection into the grid.
The upper plots present the three phase-to-ground voltages.
The intermediary plots present the three line currents. The
lower plots present the voltage and current of a same phase.
It can be noticed that the voltage and current are 180° out
phase in relation to each other - indicating battery discharge,
according with the signal convention adopted in Figure 3.

During the whole injection stage, the monitored battery
bank voltage (bottom plot of Figure 20, magenta color) drops
from around 890V to around 800V. From 18:00, the battery
charging stage starts (consuming a positive power from
the grid - according with the signal convention adopted in
Figure 3). On this particular test, the stage I of battery charge
(constant current - bottom plot, green color) happened from
18:00 until around 22:00, while the battery voltage (magenta)
rose linearly until around 890V.

From 22:00 until around 3:00 (of the next day), the batter-
ies were in the stage II of charge - where the batteries voltage
(bottom plot of Figure 20, magenta color) are kept constant
and their current (bottom plot, green color) slowly drops.
From 3:00, the batteries are already in stage III, consuming a
minimum power just to keep the floating voltage.

Figure 22 presents the voltages and currents at the 13800V
bus (measured at the secondaries of PTs and CTs) just after
18:00 - hence, at the very beginning of stage I charging,
when the batteries drain maximum power from the grid. The
upper plots present the three phase-to-ground voltages. The
intermediary plots present the three line currents. The lower
plots present the voltage and current of a same phase. It can
be noticed that the voltage and current are in phase in relation
to each other - indicating battery charging, according with the
signal convention adopted in Figure 3.

B. VOLTAGE HARMONICS COMPENSATION
In this experiment, in order to produce the voltage distortion
on the 13.8kV substation, a rectifier of voltage source type
(with large DC capacitance) has been installed at the 220V
side of the input transformer (number 16 in Figure 18).

Figure 23 presents the trends (obtained with the Fluke
Power & Energy Analyzer, sampling at each second) of
the three-phase power (top plot) and the voltage distortions
(bottom plot - showing the trend of the THD, the 57 and the
7" harmonics). In order to speed up the experiment, the power
injection and battery charging profile has been compressed
into a 10 minute cycle (instead of 24 hours cycle). In this
experiment, two complete cycles are shown: the first one with
the harmonic compensation feature ON (from 14:07 until
14:16) and the second one with the harmonic compensation
feature OFF (from 14:16 until 14:24).

When the voltage harmonics compensation feature is ON
(RAPF ON during the first half of Figure 23), the voltage
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FIGURE 20. Logs of three-phase power at the 13.8 kV side of the transformer and DC voltage and DC current at one of the battery banks,

sampled at each minute.
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FIGURE 21. Voltages and currents at the 13800V bus during maximum
power injection to the grid.

THD has been measured near 1.5% and the individual distor-
tions for the 5 and the 7" have been measured around 0.5%.
Then, at t = 14:16, the voltage harmonics compensation
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17364 kU2 7482 KUJF 7369 kU
60.019 HzPut 5:03:30
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FIGURE 22. Voltages and currents at the 13800V bus during stage |
battery charge.

feature is turned OFF (RAPF OFF during the last half of
the figure). It can be noticed that the THD has increased
from 1.5% to between 4% and 4.5%. The measurement
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FIGURE 23. Logs of three-phase power and voltage distortions, at the 13.8 kV side of the transformer, sampled at each second.

of the individual 5" harmonic has increased from 0.5% to
between 1.5% and 2%. Also, the measurement of the indi-
vidual 7"* harmonic has increased from 0.5% to between
1.0% and 1.3%.

Figures 24 to 27 present the waveforms at each operational
stage (with and without harmonic compensation). In these
figures, the yellow and the green plots are the AC voltage
and AC current (respectively) at the low side of the coupling
transformer and the red and blue plots are voltage and cur-
rent (respectively) in one of the battery banks. The instants
of time where each of these measurements were taken have
been indicated at the bottom of Figure 23.

Figure 24 presents the measurements taken at t = 14:08,
during stage III of battery charging. In this condition, both
the AC current (green plot) and DC current (blue plot) are
near their minimum values, in order to keep the batteries at
their floating voltages. It can be noticed that the AC current
is in phase with the AC voltage (yellow plot) and the DC

RMs= 1106 kv 1 Rms=

9141 mA  smy /Ao Stop 43 DISBM
Mean = 8878 v Mean =

172.5 mA
v
i

DCA2

C1400 7 %

500 T~ H

FIGURE 24. Measurements at 14:08, at the 2.42 kV side of the
transformer - Converter charging the batteries - with harmonic
compensation feature.
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current has a positive mean value - indicating battery charge,
according with the signal convention adopted in Figure 3.
It should be noted that the AC current is distorted in order
to emulate the harmonic resistance and damp the harmonic
distortion on the AC voltage (seen perfectly sinusoidal - with
a THD of about 1.5%, as shown in Figure 23).

Still with the harmonic compensation feature turned ON,
Figure 25 presents the measurements taken at t = 14:12,
during power injection to the grid. In this condition, the AC
current (green plot) is 180° out phase in relation to the
AC voltage (yellow plot) and the DC current (blue plot)
has a negative mean value - indicating battery discharge,
according with the signal convention adopted in Figure 3.
It should be noted that the AC current is still distorted and
the AC voltage is still perfectly sinusoidal (with a THD of
about 1.5%, as shown in Figure 23), as the equipment is
emulating the harmonic resistance in order to damp voltage
distortion.

1199 kv 1 Rms:
850.5 v Mean *=

1723 A smy /K Ao Stop 43 22000
»972.gmA

T

el 500 v B [
FIGURE 25. Measurements at 14:12, at the 2.42 kV side of the

transformer - Converter injecting power into the grid - with harmonic
compensation feature.
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FIGURE 26. Measurements at 14:16, at the 2.42 kV side of the
transformer - Converter charging the batteries - without harmonic
compensation feature.

Figure 26 presents the measurements taken at t = 14:16,
on stage I of battery charging - and with the harmonics
compensation turned OFF. In this condition, the AC current
(green plot) is in phase in relation to the AC voltage (yellow
plot) and the DC current (blue plot) has a positive mean
value - indicating battery charge, according with the signal
convention adopted in Figure 3. It should be noted that, as the
harmonic compensation has been turned OFF, the AC current
is sinusoidal and the AC voltage is distorted (with a THD of
about 4%, as shown in Figure 23).

Still with the harmonic compensation feature turned OFF,
Figure 27 presents the measurements taken at t = 14:22,
during power injection to the grid. In this condition, the AC
current (green plot) is 180° out phase in relation to the AC
voltage (yellow plot) and the DC current (blue plot) has a
negative mean value - indicating battery discharge, according
with the signal convention adopted in Figure 3. It should
be noted that the AC current is still sinusoidal and the AC
voltage is still distorted (with a THD of about 4.5%, as shown
in Figure 23), as the equipment is no longer emulating the
harmonic resistance.

RMS= 1192 kv 1 Rms=
Mean *= 8504 v Mean =

1616 A smy /D Auto  Stop 45 230
-944.9 ma

T s,

12
4 i WIS 400 W

8 500 v~ B [¢

FIGURE 27. Measurements at 14:22, at the 2.42 kV side of the
transformer - Converter injecting power into the grid - without
harmonic compensation feature.
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VI. CONCLUSION

This paper has presented the development aspects of a
peak-shaving equipment with energy storage based on
lead-acid batteries for 13.8kV power systems. The equipment
is based on a multilevel converter whose AC port is connected
to the grid using a 2.4kV:13.8kV coupling transformer. The
topology of the multilevel converter is the cascaded H-bridge.
The isolated DC ports of each of the H-bridges are connected
to series arrays of 67 batteries of 12V (resulting in 804V nom-
inal voltage on each bridge). A system for safe connection of
the batteries to the DC capacitors of the H-bridges has been
presented.

In addition, as the power circuit of the peak-shaving equip-
ment is the same circuit of a shunt active power filter, a fea-
ture of damping of harmonic voltage (by the emulation of a
harmonic resistance) has been included - without the need
for any additional resource. It should be noted that, contrary
to the traditional shunt active power filters, the emulated
harmonic resistance does not require access to the terminals
of the non-linear loads. This characteristic is very appealing
to distribution systems, where the non-linear loads may be
scattered throughout the line.

The paper has presented the algorithms of both functionali-
ties and experimental results have been collected on a 13.8kV
test substation.

APPENDIX A

PHASE LOCKED LOOP - PLL

The PLL block of Figure 2 is detailed in Figure 28. It is
based on the digital PLL presented by [31]. The phase error ®
between the installation site line-neutral voltage vey and the
unitary sinusoid sin(w;t) is obtained through the principle of
the Coulon oscillator (mathematically explained in [31]). The
advantage of this procedure is that no tuning parameters are
required, other than the nominal amplitude A of the installa-
tion site voltage. A closed loop is used to minimize the phase
error ®.

In order to feedback the estimated unitary angle, a digi-
tal procedure, based on look-up table, is employed. Hence,
the highlighted block in Figure 28 presents a conversion
from the phase error @ to the index of the look-up table.
The phase error ® corresponds to a number of samples Ng
that must be shifted on look-up table. The relation between

Conversion from angle to index

sin(w,t)

FIGURE 28. Digital PLL based on look-up table.
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radians and samples is calculated with (11), where f;,,, is the
nominal frequency of the grid and f; the sampling frequency
of controller.
s

Jnom -2 -7 ’
A hysteresis-band from —Ag to Ag is employed in order to
tolerate variations on the supply voltage. Whenever the error
in terms of number of samples Ny is within the hysteresis-
band, then error between the supply voltage vey and the
unitary sinusoid sin(wif) is minimal - hence the index i of
lookup table needs only to be increment by 1, preparing for
the next sample. On the contrary, if the sample error is high,
then i is incremented by Ng.

Kyss = (11)

APPENDIX B

PROPORTIONAL PLUS RESONANT CONTROLLER - PR
Figure 29 presents the Proportional plus Resonant controller.
It is formed by a proportional controller k, (whose function
is to improve transient response) and several resonant con-
trollers (whose function is to minimize steady state errors at
each of the resonant frequencies). The continuous frequency
domain s for each resonant controller is given by (12).

YRA() gy -
es) S+ op

where kg, is the resonant gain at the resonant frequency wy,.

Resp(s) = (12)

lo |+

FIGURE 29. Proportional plus resonant controller.

As this controller is implemented in a Digital Signal Pro-
cessor, (12) can be discretized with a Trapezoidal/Tustin
method [42], resulting in the difference equation (13).
prm*(t) = kp-e(t)

+ Y by ke - [e(t) — et —2)]
h

=Y laun - yri(t = 1) + az - yrat = 2)1, (13)
h

where a1y, azy and by, are parameters defined by (14), depen-
dent on the sampling time 7y = 1/f; and on the resonant
frequency wy, foreachh =1,3,5,7,9.
aopp = 4/Ts2 + a)i ;
aipp=[-8/TF+2- a);zl] /aon ;
axy, =1;
bi = 2/Ts] /aon-

(14)
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