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Abstract: In distribution power generation, hybrid systems play an important role, mainly
due its flexibility and reliability. This paper deals with the development of a control strategy
for hybrid hydro-PV generation system employing a three-phase three-legs Split-Source Inverter
(SSI) like a distribution synchronous static compensator (DSTATCOM). The SSI has the ability
to feed ac loads with a boost characteristic. In addition, the proposed control strategy ensures
regulation for balanced output ac voltages and load disturbance compensation of self excited
induction generator (SEIG) based systems, providing the required active and reactive power.
The modeling of the system and the design of the resonant controller are presented in detail.
In addition, simulation results are presented to demonstrate the performance of the proposed

control strategy.
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1. INTRODUCTION

The distributed generation has been diffused due to their
advantages over traditional generation systems, where the
use of renewable energy allied with static power converters
allows an adequate opperation of the energy microgrids
(Han et al., 2017).

Hydro turbines (HT) coupled to induction generators (IG)
feeding standalone electric loads need reactive power for
the terminal voltage control (Chilipi et al., 2014; Tischer
et al., 2017; Scherer et al., 2016; Nehrir et al., 2011).
Regarding that, Tischer et al. (2017) presents a control
strategy for a generation system able to feed linear and
nonlinear balanced loads in standalone operation, com-
posed of induction machine, switchable capacitive bank
and three-phase three-legs converter. In Rezkallah et al.
(2015) a hybrid system composed by PV, hydro and a
storage system with batteries is presented. This system
employs a boost dc-dc converter and a three-phase in-
verter. Furthermore, this system is able to manage the
energy surplus by using batteries and resistive loads in
order to control the ac grid frequency.

In small PV generation systems, generally two stages of
energy conversion are required. The first consists of a
boost dc-dc converter, and the second stage consists of
an inverter. On the other hand, the interest in converters
with reduced number of active components has motivated
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the development of impedance source converters (ZSI)
(Siwakoti et al., 2015). By means an impedance network
and additional switching states, these converters have an
inversion stage with buck-boost capability. Recently, Ab-
delhakim et al. (2016) proposed the split-source inverter.
This topology employs a conventional three-phase inverter
and three additional diodes. Compared to ZSI this con-
verter has reduced voltages on the power switches when
it operates with high voltage gains. Furthermore, the SSI
does not employ shoot-through states and it presents lower
number of passive elements. Abdelhakim et al. (2017) and
Borges and Grigoletto (2017) present control strategies for
three-phase three-legs split-source inverters.

A control strategy for three-phase four-legs split-source
inverters as DSTATCOM was presented in Grigoletto et al.
(2019). The main objective of control strategies is to
keep the output voltages balanced even in situations with
balanced or unbalanced loads. Furthermore, depending
on the control characteristics, harmonic distortions of the
output voltages can be minimized under nonlinear loads.
In this way, Tischer et al. (2017) and Attuati et al. (2019)
present proportional-resonant controllers for current loops
to mitigate some unwanted harmonics.

Therefore, this paper proposes the control for voltage
regulation and unbalanced load disturbance compensation
on a PV generation system integrated to a three-legs
DSTATCOM for induction generators feeding standalone
loads. It is proposed a propotional-resonant (PR) current
controller, allowing for the rejection of disturbances on the
grid fundamental frequency. For the PV power processing,
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Figure 1. DSTATCOM integrated system with split-source type converter.

a Maximum Power Point Tracking (MPPT) algorithm is
designed and employed on the SSI. Analysis, design and
simulation of the control system will be presented.

2. DESCRIPTION OF THE HYBRID TOPOLOGY

Figure 1 presents the hybrid hydro-PV power generation
system. The split-source inverter employs three-legs with
standard complementary power switches and three ad-
ditional diodes. This converter allows to transfer power
from a low voltage input (PV) source to a dc-bus feeding
balanced or unbalanced loads at the ac-bus.

2.1 Mathematical modeling of the output and dc stages

The IG is assumed to be in steady-state operation, and
its model is the IG equivalent circuit per-phase in steady-
state as presented in Figure 2. The equivalent circuit of the
IG presents two electrical circuits coupled by a magnetic
field, responsible for the transfer of energy from one circuit
to the other. The transformation ratio between the coils
(stator and rotor) is considered ideal for a conforming
induction machine, concluding that v, = v, (Simoes and
Farret, 2014). The rotor circuit is reflected to the stator,
making the circuit simplification interesting, and it is
not necessary to calculate the magnetization current (i)
for each speed imposed by the primary machine (PM).
Thus, applying the Thévenin theorem to the IG circuit
based on the considerations, the IG model impedance is
obtained from Figure 2(a), and the equivalent circuit result
is represented in Figure 2(b).

Figure 2. (a) Per-phase equivalent circuit of the IG. (b) IG
simplified three-phase equivalent circuit.

The circuit model of IG is composed of a stator and rotor
resistance (rg, 7,.), stator, rotor and mutual inductances
(Ls, Ly, Lps), rotor voltage (v,.), and rated slip (s) (Krause
et al., 2002). A simplified model, more suitable for control
purpose, can be achieved using Thévenin equivalent circuit

composed of a sinusoidal voltage source (v,) and an
inductance (L,,) in series with a resistance (r,,). The
parameters of the equivalent circuit can be written as:

)

(rr/5)2(LM + Ls) + L[\JQL,,‘2 + Ls(La + LT)Q
(rr/8)? + (Las + Lr)? :

The output stage comprises the three-phase ac-bus of the
converter, the output inductors (L), the excitation capac-
itors (C'y) and the induction generator. The capacitor bank
C'r provides the reactive power for the induction generator,
and the power converter complements the reactive power
balance in order to control the ac terminal voltage. The
average model in abc axes is described by (3)-(5), that is:

L
(rr/s8)2 + (Lp + Lr)?

rm =7s+ (rr/s) ( (1)

Ly =
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where i,, i, and i., are the converter output currents, v,,
vp and v, are the output voltages of the converter, vag,
vep and vo. are the voltages on the capacitors, igm, ibm
and 4., are the currents of the induction generator, vgm,
Upm and vgp, are the voltages of the induction generator
(back eletromagnetic force) and Z; is the load impedance.
Figure 3 shows the complete average model of the system
in abc stationary frame. A control strategy can be designed
to track sinusoidal references in this frames. However,
in order to make the control a regulation problem, the
transformation to synchronous frames can be employed.

Now, by representing (3)-(5) in the stationary af frame,
to obtain an uncoupled single-phase system, the state-
space model (6)-(7) is obtained using the power invariant
Clarke transformation. Note that, in three-legs three-phase
DSTATCOM, there is no path for the current in the 0 axis.
Therefore, the state-space equations can be represented
by x438(t) = Anpxag(t) + Baguag(t) + Fagvag(t) where the
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Figure 3. Model of the three-legs SST DSTATCOM.
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Thus, the transfer functions that relate the converter
output currents to the converter voltages in synchronous
frame can be obtained with the transfer function C,g(sI—
Aop) 'Bag, where Cop=[100000]0rCop=[010000]
and written by:

ia(s) _ ip(s)
Gi - = = =
atas ()= 4 ) T use)
C'fLle.S2 + (Lm + CmeZl) s+ (Tm —+ Zl)
 (CfLiLmZis3+ )

=+ [LfLm + Zle (Lmrf =+ LfT‘m)] 82+
+ [Lf?”m + Lm’l’f + Z; (Lf + Ly + Cf?”f?"m)] s+
+2Z (Tf + rm) +rrm
The transformation of stationary frame abc to synchronous

frame dq (Park transform), can be applied in (3), (4) and
(5) resulting in (9), (10) and (11), respectively.
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The state space system in the time domain (9)-(11),
generically described by xaq(t) = AdqXdq(t)+Baquaq(?),
can be converted into a transfer function by Cgq(sI —
A4q) 'Baq. Thus, the transfer functions that relate the
converter output currents to the converter voltages in
synchronous frame can be written by:
iq(s) _

ug(s) B L?cs2 +2Lsrys + (L?o.)2 +r;) .
(12)

ig+idm (10)
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The transfer function that relates the direct-axis voltage
to the quadrature-axis current is given by:

ved(s) _ —CyZtw

iq(s)  C3ZPs?+2C;Zs+ C2Zpuw? + 1
For the dc modelling, it can be employed the power balance
where the losses can be neglected. Assuming that vsc = 0,

due to the transformation of stationary to synchronous
frame, the power balance equation can be written as:

Gvd(s) = (13)

dvge , Urrc)® , ,
—vchL(ti + vinir = (acUpro)” + (vedia +vogiq) . (14)

d TELC
By applying the Laplace transform in (14), considering
the input power portion as a disturbance, and applying
a linearization and perturbation technique with vg4.(t) =
Dae(t) + Ve and i4(t) = 14(t) 4+ Iy results in:
vac(s) _ —Va
ia(s) CVye (S + M)

CreLc

Gdc (S) =

(15)

The control of the converter can be carried out through
a multi-loop system composed with PI controllers as dis-
cussed in Grigoletto et al. (2019). However, this control
strategy can have a unsatisfactory performance with non-
linear large loads which inject harmonics in the system.
Thereby, a PR controller for the inner ac current control
loops shown in Figure 4 can perform well as the selected
harmonics are eliminated, ensuring power quality accord-
ing with standards (Association et al., 2014).

In this system, there is an outer control loop for the dc bus
voltage where the control action is the direct axis reference
current. On the other hand, there is a control loop of the
magnitude of the ac bus voltage vcy. The output of this
loop is the quadrature axis reference current. The current
or voltage control loop for the input inductor iy, or PV
capacitor Cj,, results in a control action to be added
with the zero component of the modulation strategy, as
described in the next section.

2.2 Description of the modulation strategy

The output voltages of the three-legs converter can be
related to the leg voltages by means of (16).

Vab 1-10 Vag
Vpe| = |0 1 —1 Vpg | . (16)
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Figure 4. Multi-loop control system for three-legs SSI.
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Note that, the variable vy is a degree of freedom to be
chosen according to a design criteria as dc bus voltage
maximization. In order to guarantee the limits of linear
operation of the converter, the value of vy must be within
the limits established by (17), that is:

max {R1, R2, R3} < vo < 3vge + min {R1, Ra, R3} (17)
where:
R1 = —2van + Vppn + Ven
Ry = van — 2'Ubn + Ven . (18)

R3 = van + Vpn — 20cen

As demonstrated in Abdelhakim et al. (2016), the choice
for vy, intends to minimize the ripple over the current iy,
and the voltage v4.:

vo = max {R1, R2, R3} . (19)
Pre-multiplying both sides of (16) by M; ' results in:
Vag da dx
Vg | = |db [ vae = [ |d5| +[1],,, do | vae,  (20)
Veg de dz

where d,, dy, d., are the duty cycles associated with the
switches s1, sp and s3. d}, d;, d, are the reference duty
cycles, that is:

d; 2 -1 -1 Van
1

&y | = -1 2 -1 Vbn (21)
3vge

d -1 -1 2 Ven

The drive signals for the switches are obtained by the
comparison of the modulating signals with a up-down
carrier. In addition, the maximum and minimum operating
limits are shown, where dy,q, = max{Ry, Ro, R3} /304,
dmin = 1 +min {Ry, Ry, R3} /3v4c € do = v /304e.

2.8 Description of the SSI input stage

When at least one of the lower switches of the converter
legs (S1, S2 ou S3) is ON, the inductor L is conected to

the input voltage source v;, and it accumulates energy,
according to Figure 5.a. The dynamic equations which
describes the voltage on the inductor, vz, and the capacitor
current, i¢c, in this state, with duration ¢, are given by:

dt L L’ dt c’
On the other hand, when the upper legs switches (Si,
Sy e S3) are ON, the energy stored in the inductor is
transferred to the dc bus capacitor C', according to Figure
5.b. The dynamic equations that describe the voltage
on the inductor, vz, and the capacitor current, ic, with
duration t,, in this state are given by:

dip, _ _rLip | Vin dvde _ _iLo (22)

dip, __TLiL | Vin — Vde dvae _ ir — iLo (23)
dt L L dt C
where iz, is the output current reflected to the dc bus:
iLo = (281 — 1]iq + [252 — 1] 4p + [253 — 1] éc. (24)

Defining the duty cycle as D = t,/(t, + t,), in steady

Figure 5. Operation states of the split-source converter:
(a) At least one of the switches Sy, Sz or S5 is ON,
(b) Switches Sy, S2 and S3 are ON.

state, where t, +t, = T, the static gain of the input stage
can be written as Abdelhakim et al. (2017):
Ve 1
Vin 1-D’
where V;,, and Vj. are respectively the input voltage and
the dc bus voltage in steady state.

(25)

The average model can be obtained by multiplying (22) by
d and (23) by (1—d). On the other hand, the perturbation
and linearization method can be employed, where the
variables are replaced by a dc variable and a disturbance

signal (d = D 4 d). Thus, it can be written (26) as:

() = e (s) = ——254.(s),

Ls+ryp, Ls+rp, (26)
- 1—-D- Iy ~ 1 -~
Vge(s) = O ir(s) — Cs d(s) — s iLo(8).

In (26), the second order terms are neglected, the input
voltage is considered constant and iy, is considered a
disturb signal. By assuming a constant dc-bus voltage, the
input current transfer function can be simplified resulting
in a equation presented and used in Grigoletto et al. (2019)
that relates the inductor current and duty cycle.

In order to achieve the maximum power point in a real PV
system, the input voltage v;, over the capacitor Cj, can
be controlled. In this way, the scheme of SSI stages can
represented in Figure 6.

From the circuit of Figure 6, the average model can be

described as:
— L 1/L
A-p| " /
—1/0”1 —I/Cinreq

—rr/L 1/L

—I/Cln —l/Cmreq

+<1—D){



Figure 6. Operation states of the split-source converter:
(a) At least one of the switches Sy, Sy or S3 are ON,
(b) Switches Sy, Sz and S3 are ON.

o o “1/L 0
B_D{O 1/Cin:|+(1D)|: 0 1/Cm]' (28)

From (27)-(28), the input capacitor voltage v;,(s) can be
related to the duty cycle d(s) by the transfer function:

Vin(s) _ —VieTeq . (29)
d(s) LreqCins? + (L + rrreqCin)s + (Teq +71L)

A PI controller can be employed to control iy, or v;,. In

addition, the reference current i} or voltage v}, can be

obtained by a Maximum Power Point Tracking (MPPT)

algorithm to extract energy from the PV source (Subudhi

and Pradhan, 2013).

3. CONTROLLER DESIGN
3.1 Inner ac current loop

The inner current control loop structure is shown in
Figure 4. It consists of a PR controller based loop. It is
implemented both on the o and 8 axes, with the tracking
of i, ZZ and 14}, ifﬁ, generating the u, and ug control
actions, respectively.

The PR controller is chosen in this specific application be-
cause it is based on the internal model principle, resulting
in a good reference tracking and disturbance rejection if
the models of the references and disturbances are included
in the feedback control loop. As the connection of balanced
or unbalanced linear loads consist in a disturbance in the
fundamental frequency, the addition of a resonant con-
troller with complex poles tuned to the system frequency
will ensure that the references are correctly tracked and
the currents remain balanced, even in the presence of
unbalanced loads. For this work, it is used the following
PR controller equation:

s2 + 28wz + wy2

_ 30
$2 + 2&pwn s + wn2 (30)

Cpr(s) =kpr
In this representation, w, is the frequency of resonant
controller, 0 < §,,{. < 1 is a damping factor, and kpg is
the resonant gain. This controller achieves infinite gain in
a narrow frequency band around the resonance frequency,
which is directly related with the damping factors 0 < &,
and £ < 1. On the other hand, the proportional gain
kp determines the dynamics in terms of phase of the
bandwidth and gain margin from (31), and it is tuned in a
similar way to the PI controller. In the general case, a set of
PR controllers can be used to compensate several fixed and
known frequencies. This can be achieved by adding more
resonant terms in (30). The multiple resonant controllers
can be represented as (32).

(s +ws2)

Cpu(s) =kp———%, (31)
(s+wfp)
82+ 26, wns + wop?
C s) = k . 32
pr(s) > T T —E (32)

h=1,5,7,11,...
The resultant frequency response of designed control for
the inner current loops with multiple resonant controllers
can be seen in Figure 7.
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Figure 7. Open loop bode plot of the compensated current
control system Cpr(s)Cru(8)Gi, s uqs(5)-

8.2 Outer voltage loops

Outer loops are employed to the DSTATCOM voltage
regulation and SEIG voltage control as shown in Figure
4. As the voltage dynamics are much slower than that of
the currents, the inner loops are considered a unitary gain,
and for control design purposes the references can be set
equal to their actual values, that is, iy = ig and iy = i,
according to Attuati et al. (2019). The bandwidth of the
controllers are designed to be at least a decade below that
of the inner current loop. The PI gains obtained are shown
in Table 1.

3.3 Frequency control and synchronisation method

An unregulated hydro turbine operating above syn-
chronous speed (n = 1840 rpm) is considered as the prime
mover, and the frequency control is performed on the
demand side by an ELC (Electronic Load Controller).
The ELC is composed by an chopper connected to the
dc-link of DSTATCOM, as presented in Figure 1. The
voltage frequency depends on the balance between input
mechanical active power and output active power of the
SEIG. Therefore, the power consumed by the system must
be maintained constant irrespective of the load variations.
The ELC is used to consume the surplus active power
generated by the SEIG. The ELC control is based on
the estimated PCC (Point of common coupling) termi-
nal voltage frequency, which is performed by a Kalman-
based synchronisation method followed by a frequency
identification algorithm (Scherer et al., 2016). The PLL



(Phase-Locked Loop) technique can perform poorly due
to the uncertainties and distortions in the waveforms,
characteristics of isolated systems. The Kalman filter is
well known due its ability to deal with linear systems
corrupted by uncertainties in the states of the plant as
well as measurement noise (Cardoso et al., 2008). The es-
timated frequency (f) is then compared with the reference
value, which generates a frequency error, e; = f* — f. The
error feeds a PI controller which defines the power to be
consumed by the ELC (Pgrc). The relationship between
the power to be consumed by the ELC, and the control
action (uprc) imposed by the element chopper over the

rerc is defined:
uprc =/ PeLc " TELC- (33)

The variable ug ¢ is modulated to generate a PWM signal
to be applied to the IGBT switch, GTO or other which
drives the rgrc.

4. MPPT ALGORITHM
4.1 Incremental conductance (Inc-Cond) technique

This technique is also considered as a hill climbing method.
The MPP can be tracked by comparing the instantaneous
conductance I/V to the incremental conductance AI/AV.
In other words, the solution of Inc-Cond equation (34) is
zero at the MPP, positive on the left side of the MPP and
negative on the right side of the MPP. The output variable
can be the reference value for the panels voltage v7,.

AP d(IV) ar AT

=g StV =TV (34)
The incremental conductance algorithm is as efficient and
simple as the P&O algorithm, it has good yield under
rapidly changing atmospheric conditions. Additionally, a
variable step-size can be used to improve the response
time, accuracy and performance of the system, but the
cost may be higher due to the increased complexity of the
control system (Subudhi and Pradhan, 2013).

5. SIMULATION RESULTS

The proposed control loops were simulated from a model
performed in Matlab. The system parameters are summa-
rized in Tables 1, 2, 3 and 4.

The parameters shown in Table 2 exposes the sizing of
PV system, justifying the behavior of maximum power
generation in the simulation results.

5.1 Performance analysis

Figure 8 shows the step response in the dc-link voltage
vge. The reference v}, was changed from 500 V to 520
V. Figure 9 shows the step response in the SEIG voltage
vcq- The reference was changed from 220 V to 200 V. The
performance of voltage control outer loops were satisfatory.

Figure 10 exposes the performance of variables of interest
under a highly nonlinear load step of 4.9 kW. After the
load step, the RMS voltage is regulated in a short time.

Table 1. SEIG parameters.

Parameter Value

Nominal power

P, =3.7TkW (5 cv)

Line voltage (RMS) vl =220V
Nominal rotor speed n = 1730 rpm
Frequecy f =60 Hz
Power factor FP = 0.81
Excitation capacitor Cy =40 uF

Thévenin equivalent

Ly= 2.5 mH, r,,= 0.02

Table 2. Parameters of PV array system.

Parameter Value

PV array module

SunPower SPR-315E-WHT-D

Max. power (25°C-1kW/m?)

Pypp = 2520.6 W

Voltage at MPP

Vvpp = 1094V

Current at MPP

Inipp = 23.04 A

Series modules per string

Number of parallel strings

Table 3. Parameters of DSTATCOM.

Parameter Value

Rated current (RMS)

fabe = 20 A

Dc-link capacitor

C = 4700 pF/900 V

Output filter

Ly= 2.5 mH, ry= 0.03 Q

SSI input inductor

L=5 mH, r;,= 0.03 Q

PV input capacitor

Cin= 10 uF

Switching frequency

fsw = 10 kHz

Table 4. Parameters of controllers.

Controller Parameter Value
Proportional gain kpyae= -3.74127
Ve, Vg kpyeg= -0.18418
PI Integral gain krvae= 3.73892
Eryeq= 0.18187
Damping coefficient E; ; 263_6
f1 =60
. Resonant frequencies (Hz) J2= 300
b tp wyp = hwnp, = 27 f, fa =420
PRD zh " h f1 = 660
f5 = 780
Proportional gain kpr =
kp = 1.58602
Zero and pole of derivative  wy, = 13827.55
portion (rad/s) wy, = 2855.05
vin Proportional gain Zi:l”::—_o(?'l%%é%
PI kropo= 0.00264

Integral gain

krere= 0.10789
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of solar arrays. In adittion, the good performance of the
MPPT control algorithm is noted.
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Figure 10. Load step response.

The ELC modulating signal behavior along the simulation
is presented in Figure 11. Note that, the ELC power
consumption decays abruptly in ¢ = 8 s because the
compensation is no longer necessary.

Figure 11. ELC control action response.

An important variable in this system is the frequency regu-
lation. Figure 12 exposes the frequency behavior, together
with the input inductor current, and consequently, the
PV array current, from the load power step. An adequate
accommodation of the system frequency is verified.

The performance of solar energy applied to the system can
be seen in the Figure 13. The input variables of the PV
system, as irradiation and temperature are represented.
It can be observed the influence of input curves on MPP
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Figure 13. Arbitrary curves for irradiance and temperature
on the PV array, and PV system power generation.

A comparison in terms of THD; resulting from PI and PR
loops is performed. The voltage and current harmonics
exceeds only the 5;, individual harmonic limit, and the
THD; is 8.82%, higher than 5% allowed by standard. On
the other hand, in the Figure 14 is represented the perfor-
mance of PR controller scheme for IEEE 519 standards.
Thus, can be observed the conformity with standars in
both variables, where several harmonics were canceled.

6. CONCLUSIONS

This paper has proposed a control of an integrated PV
generation system with a DSTATCOM for induction gen-
erators. The three-legs SSI has the ability to feed three-
phase loads, while applying the boost characteristic. In
this paper was developed: (i) techniques to design PR con-
trollers that are capable of rejecting voltage disturbances
from nonlinear loads connected to the ac bus. (ii) inclusion
of additional controlled load ELC to adjust the electrical
frequency when there is surplus energy. (iii) inclusion of the
photovoltaic panel model and use of a MPPT technique.
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Figure 14. Harmonic spectrum for PR control scheme.

The PR control scheme has good performance in terms of
ensuring power quality.
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