5

Mitigation of Destabililizing Effects of CPLs in an
Islanded DC Microgrid

In the previous chapters, mitigation of CPL induced negative impedance instabilities
has been addressed in individual dc/dc converters in the presence of CPL. In a practical dc
distribution such as dc microgrid, many power converters are used to interface RESs and
storage units, which are interconnected and controlled to work as a single system. Therefore,
to address the mitigation of negative impedance instabilities introduced by CPLs and voltage
regulation in an integrated system of power converters, this chapter addresses mitigation of
the destabilizing effects of CPLs an islanded dc microgrid using robust sliding mode control.

A dc microgrid usually consists of distributed RESs, Energy Storage Units (ESUs),
grid-connecting bidirectional VSC and local dc load. When integrating RESs, ESUs, and dc
loads, there is a need for power conversion through power electronic interfaces to achieve
different voltage levels. This results in cascaded distributed power architecture of DCMG in
which power electronic converters act as interfaces between subsystems with different voltage
levels [Kwasinski and Onwuchekwa, 2011; Huddy and Skufca, 2013]. In a cascaded distributed
power architecture if control performance and bandwidth of POLCs is sufficiently high, they
behave as CPLs and introduce destabilizing effects in the upstream converters or input filters,
and in the system as a whole [Magne et al., 2014; Sulligoi et al., 2014]. The destabilizing
effects of CPLs result in limit cycles in the switch model dynamics which may cause the dc
bus voltage to show severe oscillations or it may lead to voltage collapse. In addition to these
effects, inter-converter dynamics and uncertainties associated with RESs further aggravate the
stability challenges in DCMGs and may lead to an unstable system, even if individual converters
are stable. Therefore, the stability of a DCMG in the presence of CPLs needs adequate attention
to ensure basic functioning of DCMG.

Due to uncertainties involved with the RESs, inter-converter dynamics and the presence
of CPLs, a dc microgrid becomes a highly nonlinear system. The controllers designed through
conventional linear approach are tuned to provide a required performance at the given op-
erating point and their performance may degrade badly if operating point drifts, for which
controllers were tuned. It implies, controls designed through linear approach ensure stability
in a small-signal sense. Researchers have been able to address the CPL induced instabilities
using linear control approaches [Radwan and Mohamed, 2012b; Tabari and Yazdani, 2015;
Ahmadi and Ferdowsi, 2014]. However, in a RESs based dc microgrid, the operating point may
drift due to the presence of uncertainties and use of droop control. Thus controllers designed
using conventional linear approach may not ensure stability and the required performance.
Therefore, it becomes necessary that the control be designed using robust nonlinear techniques
to ensure stability in the entire possible operating range. Authors in [Tahim et al., 2015], have
presented nonlinear stability analysis of a droop controlled dc microgrid using bifurcation
and phase-plane analysis. The use of large-signal centralized stabilizing system is presented in
[Magne et al., 2012b], to stabilize a dc power system by injecting stabilizing powers to each
CPL individually, and to ensure global stability. To reduce the number of sensors required by
the central stabilizer, an observer to estimate load input voltages is presented by the authors
in [Magne et al., 2013].
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There has been some efforts to stabilize individual converters in face of CPL. However,
entire microgrid with many converters, storage units, and CPL along with other loads poses
entirely different challenges. There are several sources of uncertainty in a dc microgrid, thus the
controller must be sufficiently robust to ensure stability and performance in face of uncertainty
and CPLs. The work presented in this chapter addresses this particular problem. In the first
section of this chapter, an SMC based robust nonlinear control scheme is presented for an
islanded solar PV based dc¢ microgrid supplying a composite load. A limit on CPL power
has been established to ensure system stability under various operating modes. A realistic
mathematical model of solar PV array is used to account for the effects of primary source
dynamics on the controller performance. The effectiveness of the proposed control scheme is
validated through real-time simulation studies using ORDS, under sufficiently large variations
in the input voltage and the load.

Mitigation of the destabilizing effects of CPLs and dc bus regulation using robust SMC
approach is addressed in a prototype PV based DCMG, realized in laboratory with two RESs
(solar PV) interfaced to dc bus using dc/dc boost converter, lead-acid battery based storage
system interfaced through a BDC, and load (resistive load, programmable dc CPL representing
a voltage regulator type CPL, and a speed controlled dc/ac inverter drive). Tightly regulated
voltage regulator and a speed controlled dc/dc drive, both represent CPLs in the system. The
design of controllers for RES interfacing converters and battery energy storage interfacing BDC
are proposed and analytical proof of the stability is also provided. To achieve the desired dc bus
voltage regulation and proportional power/current sharing between two RESs, voltage droop
approach is used. Furthermore, a charging/discharging algorithm for battery bank interfacing
bidirectional converter is incorporated which facilitates three mode charging of the battery
bank. The effectiveness of the proposed control scheme is validated through simulation studies
and experimental results under various operating modes.

5.1 ROBUST CONTROL OF ISLANDED DC MICROGRID WITH COMPOSITE LOAD

In this section, a robust sliding mode control scheme for an islanded solar PV based
dc microgrid supplying a composite load to mitigate CPL induced instabilities is proposed. In
the following subsection, system modeling, design of SMC, and stability analysis are provided,
followed by validation of controller performance through real-time simulation studies.

5.1.1 System Modeling of DCMG with Composite Load

A schematic diagram of a typical solar PV based dc microgrid operating in islanded
mode, is shown in Figure 5.1(a) and its corresponding circuit diagram is shown in Figure 5.1(b).
It consists of multiple PV RESs in parallel and interfaced through dc/dc boost converters, and
an ESU interfaced though BDC. The main objectives of an ESU in a dc microgrid are to support
the dc bus voltage regulation, to provide backup power, and to absorb the short-time dc bus
transients. The dc bus voltage regulation, equal per unit current sharing between parallel RESs,
and the stability of the system, are the main operational requirements of a dc¢ microgrid. In
the presented system, RES converters are responsible for dc bus voltage regulation under
normal situation (bus voltage is greater than some predefined threshold voltage vy,). Under
this situation, the ESU operates in charging mode or remains at standby, if fully charged.
When dc bus voltage falls below V;; due to the reduction in RES power or increase in the
load demand, ESU starts supplying power to the dc bus (discharging mode), and maintains dc
bus voltage at V;,. When, the combined power of RESs and ESU fall below the load demand
at any moment, and the dc bus voltage drops below Vj;, the Energy Management System
(EMS) which continuously tracks the dc bus voltage, implements load shedding to restore the
power balance. However, in this work dc bus voltage regulation is achieved through mutual
coordination of RESs and ESU. In the following section, modeling of different subsystems of
the DCMG of Figure 5.1 will be presented.
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Figure 5.1: PV based microgrid in island mode: (a) Schematic diagram; (b) Circuit diagram

(a) Model of PV array

The effect of actual PV source dynamics on the performance of the proposed control
scheme is taken into account by using the model of the PV array instead of the ideal voltage
source. The equivalent circuit of a PV cell is shown in Figure 5.2. The relationship between

ICD Id* éRp Veel %

Figure 5.2 : Equivalent circuit of a PV cell

current supplied by the cell I..; and its terminal voltage V., is given by [Masters, 2004; Gow
and Manning, 1999; Moballegh and Jiang, 2014].

Vcell +Icelle) _ 1] . Vcell +Icelle
Vr R,
Vcell = Vd +Icelle (51b)

Leen = Ise — 1y [GXP( (5.1&)

where I, is the short-circuit current of the PV cell, I; is the diode saturation current, V, is the
diode voltage, R, is the parallel leakage resistance, and Ry is the series resistance that includes
contact and wire resistances. Vr is the thermal voltage given by.

kT

Vo = ——
! qQu

(5.2)

where, k is the Boltzmann’s constant, T is the cell temperature (K), ¢ is the electron charge
and Qy is the diode quality factor. Assuming the number of cells connected in series in a PV
module are n.;, the voltage of the module is given by V,oque= NeetiVeerr and module current
remains same as I..;;. Similarly, for a PV array containing sg...s series connected modules per
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string and np4a17¢1 parallel strings, PV array parameters are given by.

Ipy = LeetNparailel (5.3a)
Latpv = LsaMparallel (5.3b)
Vv = Vrigeries (5.3¢)
Ropv = Rypese (5.3d)
Rppy = Ryl (5.3¢)

where I, L pv, Vv, Repy and R, py are the current supplied, saturation current, voltage,
series resistance and parallel leakage resistance respectively, of the PV array.

(b) Model of interfacing converters and load

The nonlinear state-space averaged model of the dc microgrid circuit diagram shown in
Figure 5.1(b) is given in (5.4). The capacitor voltage v¢, inductor currents of RES interfacing
converters iz, and inductor current of BDC i, arc chosen as state variables. Furthermore,
the load is considered to be a composite load and parasitic effects of the components are
ignored.

dirj _ Vpj (1—u))

= A VA 5.4
dt Lj Lj ve ( a)
ditpaec ~ Voar  ULbde

= — v 5.4b
dt Loge  Lpac © (5.4b)
dvce 1 & 1 1 &
O Y (1= u)itj + = thdcitnae — ==Y ioj Fipac); j=1... 5.4
dr Ceq j:1( u])le + Ceq UpdclLbdc Ceq (j:110] lbdc) J n ( C)

where j is the number of RES interfacing converters. u; € {0,1}, Vpy j, Lj, C; and if; are the
control input, PV array voltage, inductance, capacitance and the inductor current respectively,
of j"" dc-dc boost converter. upge € {0,1}, Viar, Lpdc, Cpae and ippge are the control input, battery
bank voltage, inductance, capacitance and the inductor current respectively, of the BDC. The
equivalent capacitance of the system is given by Cey= Cpgc +C1 +Co + ... + C,,. Furthermore,
VChde =VCl = VC2 = wuunn. = ven = ve. The load current i,y drawn by the composite (RIP) load
is equal to Z?: 110j £ipde, and is given by

vc

il oad = R,

) P
+leonst + — (55)
Ve
where, Ry is the resistance of the constant resistance component of the load, icouy is the
constant current component of load current, and P is the rated power of the CPL component.

The voltage droop control approach is widely used to ensure equal per unit current
sharing among parallel operating RESs and desired voltage regulation. The voltage droop
controllers rely on local information and are free from any data exchange between the RESs,
resulting in an uncoupled system [Chen, 1995]. Therefore, the model of a single converter can
be used to design the control.

The conventional droop control has a trade-off between accuracy of current sharing and
the voltage regulation [Anand et al., 2013]. Therefore, to avoid the drawback of conventional
droop control, here an adaptive nonlinear droop control, proposed in [Khorsandi et al., 2014],
is used. In adaptive nonlinear droop, the slope of droop curve increases with the increase in
load current from no-load to full load, and it also causes a proportional upward shift in the
voltage to compensate for the voltage drop due to droop action. The resulting effect is that the
equivalent droop coefficient changes adaptively from no-load to full load, being its minimum
value at no-load and maximum value at full-load. The only drawback is poor current sharing
performance during light loads. However, during light load condition, current sharing is not
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that critical, as RESs supply current which is far below than their rated capacity. The adaptive
nonlinear droop equation is given by

Veref,j = Vde,ref — Kjl'fﬁ (5.6)

where veyer,j is the reference capacitor voltage for j’h converter, Vqe ros is the nominal value of
the dc bus voltage, i,; is the output current of 7 the converter unit. k¥ and & are defined as
arc constant and arc coefficient respectively.

. Vdc,ref — Vi
VTR

max, j

(5.7)

where 4, ; is the maximum allowable output current of the j™ converter unit and V; is the
minimum acceptable dc bus voltage. The equivalent droop coefficient R; as a function of the
converter output current, is given by.
Rdj _ aVC.ref,j _ _g(vdaref - VL) iffl
T iy I g

max, j

(5.8)

After the selection of maximum value of droop coefficient R7", the value of arc constant 4
can be obtained using the following relation.

max .
R D

& (5.9)

Vde,ref — Vi

5.1.2 Sliding Mode Control Design

To design the sliding mode controllers for various dc/dc converters of the system shown
in Figure 5.1(b), the individual state-space averaged model of the converters are used. An
extended model of individual converter model is obtained by adding a disturbance term D(t)
in the original model. This disturbance term takes into account impact of remaining system
and the changes in the load, and also helps to minimize steady-sate error in the dc bus voltage
[Kondratiev et al., 2006].

(a) Control design for RES interfacing converters
The extended model of j” dc/dc boost converter interfacing RES is given by

A

dirj  Vpvj U

1
dr Lj Lj Vc (5 Oa)
dVC l/tAj . ioj Dj
Rt A S A 5.10b
dt ~ Cy™  Co o (5.10b)
dD;
d_tj = Gj(V(; — vCrEij) (5.100)

where D; = 0; [(ve — Verer,j)dt; 6 >0, ;=1 —uj, and i,; is the output current of the j™
converter. In general, the load current contribution from j* converter, i, ; is given by

n

ioj = bjitoad: Y, bjtbpsc=1 (5.11)
=

where b; is the fraction of total load current supplied by the j™ RES converter, and by, is the
fraction of total load current supplied or drawn by the BDC.

Switching function: The switching function is chosen such that supply of constant power to
the load and zero steady state error in the dc bus voltage is ensured. The switching function
for j RES converter, s; is defined by

sj = (iLj —irref,j) + Brj(vc = verer,j) + BojD; (5.12)
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where ir,r j and vcy.r ; are the reference values of the inductor current and capacitor voltage
respectively, of j" converter, and B j, and B are positive constants used to tune control the
convergence speed. The first term in the switching function expression given in (5.12) requires
reference inductor current which depends on the input voltage, output voltage and the load,
thus it is a dynamic variable. The high pass filtered inductor current is used to estimate the
inductor current error (ir;—irrf,j) [Santi et al., 2003; Mattavelli et al., 1993].

Control law: The reaching dynamics defining the evolution of the switching function s must
ensure the motion of the system trajectory from an arbitrary point on to the manifold s =0,
in finite time. The chosen reaching dynamics is given by,

§j=—Aj s;—Qj sgn(s;) (5.13)

where A > 0 is the parameter which controls the convergence speed and Q > 0, which depends
on the magnitude of uncertainty. Substituting (5.10) and (5.12) into (5.13) and solving for #@
gives the following expression of the instantaneous duty cycle for j* RES interfacing converter

D Vo iy
B Aisi+Qjsgn(s;) + —ﬁlc’eq] + 7 +B2joi(ve — Verer,j) — —Blc’:q]

it 1 B (5.14)
LY Cy 't

The control law given in (5.14), is obtained by considering the generalized load profile. The
control for a specific load model can be obtained by substituting respective load model in
(5.14).

The control law (5.14) forces the system trajectory from an arbitrary point on to
the manifold s = 0 and maintains it on s = 0 then on. The voltage reference vcy s ; to the
converter is modified to ensure desired voltage regulation and equal/proportional current
sharing according to the adaptive nonlinear droop (5.6). The droop characteristics basically
modifies the reference voltage (nominal dc bus voltage) before applying it to a particular RES
interfacing converter, based on current supplied by it.
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Figure 5.3 : The proposed sliding mode controller for j"# RES converter
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(b) Control design for BDC
The extended model of BDC interfacing battery bank is given by

digpac  Voar  Updc

= — v 5.15a
dt Loge  Lpac © ( )
dve  upge ipdc | Dpac
— = —— I bde — — 5.15b
At Co T Cy T Cop (5.15b)
dD,
d};dc = Opac(Ve — Veref pdc) (5.15¢)

where, Dpge = Opac [ (Ve — Veref pae)dt; Opac > 0, and ipqe is the current supplied to dc bus (pos-
itive in discharging mode and negative in charging mode).
Switching function: The switching function for BDC is defined as follows

Spdc := (iLbde = ivref pde) + 01 (Ve = Veref pde) + 02Dpc (5.16)

where if,.f pac and veyer pac are the reference values of the inductor current and capacitor voltage
respectively of BDC, and a; and oy are positive constants to control the convergence speed.
The sign of the inductor current reference iy,.rpq depends on the mode of operation of BDC
(positive in discharging mode and negative in charging mode) and its magnitude is decided
based on the present value of SoC of the battery bank. The inductor current reference in two
operating modes is estimated as follows

100
iLref bde = _ﬁ,lc,min (charging mode) (5.17a)
SoC
iLref bde = lomld,max (discharging mode) (5.17b)

where I i, and I e are the minimum desired charging current and maximum permissible
discharging current respectively. The above strategy allows high discharging current when
battery bank is fully charged and vice-versa. Similarly, in charging mode the strategy allows
fast charging of the fully depleted battery bank and vice-versa.

Control law: Reaching dynamics, as given in (5.13), is used to derive the control law for BDC

Svde = —Apde Sbdc — Obde S&N(Shdc) (5.18)

where Apg. > 0 is the parameter which controls the convergence speed and Qpg. > 0, which
depends on the magnitude of uncertainty. Substituting (5.15) and (5.16) into (5.18) and solving
for upg. gives the following expression of the instantaneous duty cycle for BDC

—HodeShae = decsgn(sbdc) B Z_/}l)z:i B aZGth(vC - VCref,bdc) + age ‘
Upac(t) = . (5.19)

o _ L
Coq'Lbdc — C,, VCbdc

5.1.3 Existence of Sliding Mode and Stability of Switching Surface

In this section, the existence of sliding mode and the stability of the switching function
are presented. The system trajectory from an arbitrary initial point must reach the switching
surface in finite time and constrained to it then on. If after hitting the switching surface, the
trajectory converges towards the desired operating point, motion is said to be stable.

(a) Stability of the switching surface

To prove the stability of the motion on the manifold s = 0, the generalized system
model (5.4) operating under the sliding mode control laws of (5.14) and (5.19) is considered.
To ensure the system stability, trajectories after hitting the manifold must converge to the
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desired operating point along the manifold s =0. As (5.13) and (5.18) ensure s =0 in finite
time, the switching functions of (5.12) and (5.16), now become

sj = (irj — iLref,j) + Brj(ve = Verer,j) + B2jDj =0 (5.20)
and
Svde := (iLbde — iLref bdc) + €1 (Ve = Veref pac) + 0o Dpae =0 (5.21)

where D; and Dy, are disturbances affecting the 7 RES converter and BDC respectively.
On the manifold, the system order is reduced by (n+1), due to linear dependence of state
variables resulting from s; =0 and sps. = 0. Solving (5.20) and (5.21) for iz; and izpgc, the
following reduced order system dynamics is obtained,

irj = —B1j(vc =verer,j) — BajDj+iLrer. (5.22a)
itbde = — 01 (Ve = Veref bde) — Q2D 4 irref pde (5.22b)
dve 1 1 iload
_— = — 5.22
i G ]; i)+ Cor UpdciLbde — Cor (5.22¢)
dD;
d_tj = 0;(vc —Veref,j) (5.22d)
dDpq
o £ = Opac (Ve — Veref pac) (5.22e¢)

Eliminating i;; and izp4c, and incorporating voltage droop equation (5.6), the reduced order
dynamic model becomes

d n

Cog—— ar <+ Zﬁlj (1 —u;)(ve = Ve rer + K] )+ 2/32] (1=uj)Dj = Y (1 —uj)ivres j
j=1 (523)
+ oy ubdc(vc —Veref,bde) + ColtpacDpde — UpdciLref bdc + iload = 0
Differentiating (5.23) with respect to time.
diéj dve | dijpaq
eq dt2 +Zﬁ1] +ZB1] K] di +alubdc dr + i

n

+ Y Boj(1 = uj)Ojve + 00utpacOpacve + Z Baj(1— uj)ojkjifj. (5.24)
i=1 j=1

= Z BZ} Vdc ref T OQUBdCVCref bdc

Substituting output current of the j”* converter in terms of the total load current using (5.11).

Sj

d Vc di de dil d
eq dt R + Zﬁlj l—l/i] +Zﬁlj Kjbéj Zioad +a1ubdc dr +%
+ Z ﬁzj GJVC + 0 upg-Opacve + Z sz -)GjKjbfjiiﬁad (5.25)

Jj=1

n
= Z ﬁZj(l - uj)vdc,ref + 0QUpdcVCref bdc
j=

Considering linear approximation of the load current ij,.q(vc), we can write.

. ~ aiload

load ~ 8vc vc

. 5.26
dijoad 9 Alioad dve ( )

dt dvc dt
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Substitution of (5.26) into (5.25), and assuming & =1 to simplify (5.25), results in

d? Vc 8:‘1 d 81‘1 4. dve
Ceq ar Zﬁl} "‘ZBI} —Uuj aoa +a1ubd€+8—\(;z)?
- alload
+(Y ﬁzj(l—uj)0j+a2ubdc6bdc+Zﬁzj(l uj)ojKib; e ——)vc (5.27)
j=1 j=1
n
= Z BZj(l - uj)vdc,ref + CQUpdcVCref bdc
j=1
(5.27) can be written as
dva de
Cqu +F17 +F2VC = F3
where,
- - aiload
Fl—alubdc-i-Zﬁlj(l—Mj 1+Zﬁ1; )Kibj )8—
j=1 ve (5.28)
& di
Py = OttpacObac + Y, Brj(1 —u;j) 0 + Z B2j(1—uj)oik;b; al"ad
j=1
F3 - Z ﬁZj(l - uj)vdc.ref + a2ubchCref7bdc
j=1
For the stability of the system on the manifold s =0, the following conditions must be satisfied
Fi >0 (5.29a)
F,>0 (5.29b)

Equation (5.29) gives stability conditions for the islanded dc¢ microgrid of Figure 5.1 with a
generalized load profile. Next, the stability of the system supplying a composite load will be
established.

Stability conditions for composite (RIP) load profile: Considering equal current sharing between
parallel connected RES interfacing converters, it follows that

Bij=PB1; Bj=P B3j=Ph3; 0j=0

1 (5.30)
Kj =K, gj = g; bj =b= Z; for j=1,23...n
it implies
Y }) Ztoa
Fi = oautpae +P1 Y (1—uj) + l—i—ﬁlicbz 8l d
j=1 vc
&m 5.31
B> = QUpicOpac + P20 Z (1—uj)+proxb Z alvcd (5.31)
Jj= Jj=
Considering the composite load profile of (5.5)
aiload 1 P
~ R, (5.32)

- 2
avc R vdc,ref

It implies that for the stability of the system the following conditions must be satisfied

(Xlubdc—i-ﬁlZ(l—uj)—i-(l—i-ﬁleZ(l—uj))(—— 5 )>0 (5.33a)
j=1 j=1 Ry Vdc,ref

Olzubchbdc-i-ﬁzGZ(l—uj)+l326KbZ(1—uj)(R—— >—)>0 (5.33b)
Jj=1 Jj=1 L Vdc,ref

103



Let

O Upge + " (1 —u;
K, i bd BIEJ 1(1—u)) (5.34a)
+Pixb Y (1 —u;)

_ 0UpacOpac + P20 L (1 —u;)

= 5.34b
’ Proxb ¥ (1-u)) (5:340)
Simplifying (5.33) using (5.34), we get
P 1
—— <K (5.35a)
V2 RL
dc,ref
P 1
-— <K (535b)
V2 RL
dc,ref
Therefore, in order to ensure stability, the following condition must be satisfied.
P 1 .
5 — — < K; where K=Min{K,,K,} (5.36)
vdqref RL
It implies
1
P< vgcﬁmf(R—L +K): or P—Pr, <V oK (5.37)

where Py, is the power consumed by the resistive component of the load. It can be seen from
(5.37) that, the limit on CPL component of the load depends on power consumed by the
resistive component, nominal dc bus voltage, and K. In the worst case, when the minimum
value of K is zero (with upg =0 and u; = 1), to ensure the stability of the system CPL power

2 .
P must be less than power consumed by the resistive component of the load (Vd;e_;,)

Remark 5.1. Thus, the worst case limit on CPL power obtained from (5.37) is in congruence
with the established condition to ensure the small-signal stability of a system in presence of
CPLs (Pcpr < Peyr). In all other cases, this limit on CPL power would always be higher than
the worst case limit.

(b) Existence of sliding mode

The chosen reaching dynamics ensures the existence of the sliding mode s = 0. It is
straightforward to prove the existence condition s7 § < —n|s| for n > 0 for the reaching dynamics
(5.13) (see Chapter 2, Section 2.1.3).

5.1.4 Real-time Simulation Studies

The performance of the proposed control scheme has been validated using PV based
dc micro-grid shown in Figure 5.1 with n = 3. The input supply to each converter is coming
from the modeled PV array. The system is modeled in MATLAB/SIMULINK™ and simulated
in real-time using ORDS, under the following operating conditions.

1 Ry =300 Q, icony =1 A and abruptly increased to 2.5 A at t =0.3 s, P =400 W and
abruptly increased to 1000 W at t = 0.5 sec. (Figure 5.6)

2 Li=1mH, L, =1.1L;, L3y =0.9L; with loading profile as in 1.(Figure 5.7)

3 RES boost converter-2 goes offline when the system is supplying load with R, = 300 Q,
iconsy = 1 A, P=400 W. (Figure 5.8)

4 R;p =300 Q, iconss =1 A and abruptly increased to 5 A at t =0.3 s, P=400 W and abruptly
increased to 2000 W at t = 0.5 5. (Figure 5.9).
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The dc microgrid system specifications and the controller parameters used in the real-time
simulation studies are provided in Table 5.1. Each PV array consists of two parallel strings
of five series modules/string, BP Solar SX3190 module specifications are considered in this
study. The I-V and P-V characteristics of a BP Solar SX3190 module are given in Figure 5.4.

Table 5.1: Islanded dc microgrid with composite load: System specifications and controller param-

eters

Parameter Value Parameter Value
System rating 8 kW DC bus voltage Ve o 300V
Vin 205V Chus 2000 uF
PV arrays:

Praxt ) Pmax2> Prax3 1900 W L1 7Isc271sc1 172 A
Voclav()c27voc3 183.6 V

Converters:

Pl,Pz,P3 2 kW Ll,Lz,L3 1 mH
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Figure 5.4 : I-V and P-V plots of BP Solar SX3190 PV modules used in the study

In order to include the influence of the changing solar irradiance from morning to
evening, or due to partial/full shading of the PV arrays, its variable value is used in the
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simulation studies. The solar irradiance pattern used in the simulation studies of three PV
arrays is shown in Figure 5.5. The parameters of the adaptive nonlinear droop controller k
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Figure 5.5 : Solar irradiance (S) patterns for three PV arrays used in the study

and & are calculated considering the maximum value of droop coefficient Ry qy, maximum
allowable converter output current Iy, and voltage regulation of 2, 10, and 5% respectively.
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Figure 5.6 : Real-time simulation results under Operating Condition-1: (a) dc bus voltage; (b) Out-
put currents of RES interfacing converters; (c) BDC current; and (d) Voltages of the
PV arrays

Real-time simulation results under Operating Condition-1 are shown in Figure 5.6.
The dc bus voltage is 298 V (Figure 5.6(a)) with base load which drops to 297.2 V when a
step increase of 250% is applied in constant current component of the load at t = 0.3 s, and
further decreases to 296.2 V when a step change of same magnitude is applied in the CPL
power at t = 0.5 5. Figure 5.6(b) shows the currents shared by three RES converters. It can be
seen that the currents are shared equally, and increased load current due to increase in the
load at t =0.3 s and r = 0.5 s, is also shared equally. As shown in Figure 5.6(c), the BDC start
in discharging mode and switches to charging mode, and draws a charging current of 2.6 A.
Even after load increase at t = 0.3 s and t = 0.5 s, BDC continues to operate in charging mode
as dc bus voltage is > 295 V. The influence of the variations in the solar irradiance of the PV
arrays can be seen on the voltage of PV arrays (Figure 5.6(d)). DC bus voltage regulation,
current sharing accuracy, and system stability under variable solar irradiance demonstrates
the effectiveness of the proposed control scheme to handle input side disturbances.
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To validate the robustness of the proposed control to system parameter variations,
the system was simulated with the same load profile as in Operating Condition-1, but with
different values of inductances of the RES interfacing converters. It can be seen from Figure
5.7 that, this variation in the inductances does not have any significant impact on the dc bus
voltage, current sharing accuracy between RESs, and the system stability. Figure 5.8, shows
the effect of complete shading of a particular PV array or failure of a particular RES converter.
It can be seen that when RES converter-2 goes offline at t = 0.3 s, the dc bus voltage drops
to 296.4 V from its previous value of 298 V (Figure 5.8(a)). Furthermore, converters-1 and 3
equally share the current supplied by converter-2 (Figure 5.8(b)). The BDC is still operating in
charging mode drawing a current of 2.6 A, as dc bus voltage is (> 295 V) (Figure 5.8(c)). The
effect of converter fault is also visible in the second PV array voltage shown in Figure 5.8(d).
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Figure 5.7 : Real-time simulation results under Operating Condition-2: (a) dc bus voltage; (b) Out-
put currents of RES interfacing converters; (c) BDC current; and (d) Voltages of the
PV arrays
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Figure 5.8 : Real-time simulation results under Operating Condition-3: (a) dc bus voltage; (b) Out-
put currents of RES interfacing converters; (c) BDC current; and (d) Voltages of the
PV arrays
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Figure 5.9 shows simulation results under the Operating Condition-4, when a huge step
change of 500% is applied in the constant current and constant power components of the load
at t =0.3 s and r = 0.5 s respectively. In response to the first step change, the dc bus voltage
drops to 296 V (Figure 5.9(a)). The second step change in CPL power at t = 0.5 s is sufficient
to decrease the dc voltage below 295 V. However, as soon as the dc bus voltage drops below
295 V, the BDC previously operating in charging mode (Figure 5.9(c)), switches to discharging
mode and regulates bus voltage at 295 V. The current sharing accuracy is maintained under
this operating condition as well (Figure 5.9(b)). As in previous cases, the operating voltages
of the PV arrays vary corresponding to the changes in the solar irradiance (Figure 5.9(d)).
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Figure 5.9 : Real-time simulation results under Operating Condition-4: (a) dc bus voltage; (b) Out-
put currents of RES interfacing converters; (c) BDC current; and (d) Voltages of the
PV arrays

Above real-time simulation studies validate the effectiveness of the proposed sliding
mode control scheme with adaptive droop controls under various operating conditions. The
controller demonstrates robustness to the supply and load side disturbances, and variations
in the system parameters. The stability of the system is maintained even when the system
is supplying a total load of approximately 3.8 kW, and dc bus voltage regulation of 1.66% is
ensured.

5.2 ROBUST CONTROL OF PROTOTYPE PV BASED DC MICROGRID

In this section, nonlinear control of an islanded PV based DCMG feeding a CPL dom-
inated load is presented. The control is designed through SMC approach. The test system
consists of two solar PV arrays interfaced through dc/dc boost converters, ESU with three
mode charging, and load (comprising of resistve load and two types of CPLs namely, volt-
age regulator and dc/ac intverter drive with tight speed regulation). The effectiveness of the
control scheme is validated through real-time simulation studies and experimental results.

5.2.1 Test System and its Operating Modes

The schematic diagram of test system under consideration is shown in Figure 5.10(a)
and its corresponding circuit diagram is shown in Figure 5.10(b). The system consists of
two solar PV RESs, interfaced through dc/dc boost converters to a 380 V dc bus. To ensure
equal current sharing between the RESs and desired voltage regulation, voltage droop control
approach is used. A battery bank, interfaced through a BDC, is used to provide backup power
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and to regulate dc bus voltage, when power produced from the PV arrays is not sufficient to
meet the load demand. To represent a practical system, the load is considered to have both,
conventional resistive load and CPL. Furthermore, two types of CPLs namely, tightly controlled
voltage regulator (represented by a programmable dc CPL) and a dc/ac inverter drive, which
are largely present in a practical system, are considered in the presented work. The charging
algorithm of BDC facilitates three mode charging of battery bank namely, Constant Current
Charging (CC), Constant Voltage Charging (CV), and Float Charging (FC) to enhance the
battery life. The BDC switches its mode of operation depending on the dc bus voltage and SoC
of batteries. The implemented charging and discharging algorithm for BDC will be described
in detail in the following subsection.

Energy Management System
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Figure 5.10 : Laboratory prototype of PV based dc microgrid: (a) Schematic diagram; (b) Circuit
diagram

(a) Charging/discharging algorithm

The controller of BDC selects an appropriate mode of operation for BDC based on the
dc bus voltage and the SoC of battery bank. If the dc bus voltage decreases by more than
5% of its nominal value of (380 V) due to a reduction in the RES power or increased load,
and the battery bank SoC is > 50%, then BDC switches to discharging mode (voltage control
mode). Otherwise it operates in the charging mode. Under discharging mode, if the SoC of
the battery bank falls below 50% or Depth of Discharge (DoD) is reached, the BDC goes into
standby mode, and waits until the dc bus voltage recovers. Once, the dec bus voltage recovers
to normal operating range, BDC starts the next charging cycle.

While in charging mode, depending on the measured dc bus voltage and the SoC of
battery bank, the controller of BDC selects corresponding charging mode out of the three
charging modes. A battery with low SoC draws a huge current compared to that with high
So(C, so regulated constant current charging is required during low charge regime. For 50% <
SoC < 80%, battery starts charging in CC mode. Once SoC reaches 80%, the current drawn
by battery becomes relatively small and the controller switches to CV charging mode until
SoC equals to 95%. Beyond this SoC battery bank remains in float charging mode, and draws
only a small amount of current, sufficient to compensate the battery internal losses. In the
FC mode, the battery voltage remains constant equal to its float voltage Vyjo.. The different
modes of BDC operation are summarized in Table 5.2 and flowchart of the scheme is shown in
Figure 5.11.
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Figure 5.11 : Flow-chart of charging/discharging algorithm for bidirectional dc/dc converter

Table 5.2 : Different modes of operation of bidirectional dc/dc converter

Mode Vius %SoC

Case:I (charging mode) >365V  >50

(a) CC >365V 50 < SoC < 80
(b) OV > 365V 80 < SoC < 95
(c) FC >365V > 095

Case:1l (discharging mode) <365V > 50

Case:I1T (standby) <365V <50

(b) System operating modes

Depending on the power produced by the RESs, loading condition in the system, and
the SoC of the battery bank, the system can operate in one of the following two operating
modes.
Mode I: Normal operating mode
In this mode, the power produced by the RESs is greater than the load demand, therefore
additional power is used to charge the ESU. The RES interfacing converters operating under
voltage droop control are responsible for dc bus voltage regulation and BDC operates in one of
the charging modes depending on the SoC of the battery bank. The dc microgrid continues to
operate in this mode until the dc bus voltage drop below a threshold voltage (Vi =0.96v4c ref).
The dc bus voltage can drop below V;;, due to the reduction in RES power or increased load
demand. Once, dc bus voltage drops below Vj;, the dc microgrid switches to mode II.
Mode II: Voltage regulation mode
In this operating mode, due to deficit of the power, the RES interfacing converters are unable
to maintain the dc bus voltage. At this point, BDC switches to discharging mode and supports
dc bus voltage regulation. The microgrid continues to operate in this mode until RES produce
sufficient power to meet the load demand or battery bank hits the set threshold of DoD i.e.
(SoC < 50%).
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5.2.2 Mathematical Modeling of Island DC Microgrid

In this section modeling of different components of the dc microgrid with reference to
circuit diagram shown in Figure 5.10 is presented. The mathematical modeling of the load,
RES interfacing converters, and BDC, presented in the following subsections will be used to
design the sliding mode controllers in the next section.

(a) Load modeling
The total instantaneous current drawn by a mixed load from the dc bus is given by
. Vbus(t) P
t) = ; vV t)>¢ 5.38
lLoad( ) R, + Vbus(t) Vbus( ) ( )

where P is the combined rated power of two CPLs (CPL-1 and CPL-2), R; is the resistance of
the constant voltage load, and &, is a small positive number.

(b) Modeling of RES interfacing converters

The nonlinear state-space averaged model of the RES interfacing converters is given
in (5.39). The moving averages of capacitor voltage v¢, and inductor current irj are chosen as
state variables. Furthermore, the parasitic effects of the components are ignored.

dlLJ va,j (l_uj) .o
- =Sy 1,2 (5.39a)
de . i

- Clg,, 3:1 (1—u,))i; lC_f]q (5.39b)

where u; € {0,1}, Vpyj, L; and irj are the control input, input voltage (PV array voltage),
inductance and the inductor current of j RES converter. ve is the capacitor voltage which
is equal to dc bus voltage vp,s = ve1 = ver = ves. The equivalent capacitance of the system is
given by Cpy= Ci+Cy+ C3+ Cpys (additional bus capacitance, if any).

As discussed in Section 5.1.1, the adaptive nonlinear voltage droop [Khorsandi et al.,
2014] approach is used to ensure equal/proportional current sharing among RESs operating in
parallel and the desired voltage regulation. Since the droop control results in an uncoupled
system, the model of an individual RES converter is used to design the SMCs. The extended
model of j* RES converter after including the disturbance term D(t), accounting for the impact
of rest of the system together with load change, is given by

S

dirj _ Vpvj U

_ uj 4

dt Lj Lj ve (5 Oa)
ch iLj n i()j Dj

T A W 5.40b
At~ Coy Coy | Cop (5.40b)
dD;

d_l‘] = Gj(\/c — vCrgf7j) (5.40C)

where D; = 6, [(vc —Verer,j)dt; >0, 1 =1—u;, and iy; are the disturbance effecting j RES
converter, control input and output current of the j# RES converter.

2
loj = bjijoaq; such that Z bjtbpg =1 (5.41)
j=1

where b; is the fraction of total load current supplied by the 7" RES converter, and by, is

the fraction of the total load current supplied or drawn by the BDC.

(c) Modeling of bidirectional converter
In this section, modeling of BDC in different mode of operations is presented.
Charging Mode: During the charging mode, the BDC operates as a buck converter and power
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flows from the dc bus to the battery bank. The state-space averaged model of the BDC in
charging mode is given by

diry  Vius ves

—_— = — 5.42
dt Ls e Ls ( a)
dvca 13 lpa

=24 5.42b
dt Cy Cy ( )

where i3 is the inductor current of BDC, v¢y is the battery side capacitor (C4) voltage, Vi, is
the dc bus voltage, and iy, is the charging current supplied to the battery bank.

Discharging mode: During discharging mode, BDC operates as a boost converter and power
flows from the battery bank to the dc bus. The state-space averaged model of the BDC in
discharging mode is given by

diis  Va 178

kT R —(1—u,)— 5.43
dt I3 ( ”d)L3 (5-432)
dve i3 ibdc

— = —=(1— - 5.43b
dt G (1= a) G ( )

where v¢ is the dc bus side capacitor (Cz) voltage, Vi, is the battery bank voltage, and ipg. is
the current supplied by BDC to dc bus. L3, C3, and C4 are BDC’s inductance, dc bus side and
battery side capacitances respectively. u. and uy; € {0, 1}, are the control input in charging
and discharging mode respectively. Furthermore, i3, ve,ves € Q, where set Q is a subset of R?
i.e. i13,ve,ves € Q C R3 \ {0}

5.2.3 Sliding Mode Control Design

The control for RES interfacing converters and BDC are designed through SMC ap-
proach. To ensure constant frequency switching PWM based sliding mode controllers are pro-
posed. In the following subsections, robust sliding mode controllers are proposed for RES
converters and the BDC, interfacing battery bank.

(a) Control resign for RES interfacing converters

To derive the SMC for RES converters, an extended model of individual RES converters
is used.
Switching function: The switching function is chosen such that supply of constant power to
the load and zero steady state error in the dc bus voltage is ensured. The switching function
s; for 7" RES interfacing converter is given by

sj:= B1j(ve = verer,j) + Bajlin —ivres,j) + B3D; (5.44)

where iff,; is the reference value of the inductor current of i converter, and fB; i» Boj, and Bs;j
are the positive constants. The second term in the switching function expression given in (5.44),
requires reference inductor current which depends on input voltage, output voltage and the
load, thus it is dynamic variable. The high pass filtered inductor current is used to estimate
the inductor current error (ir; —irrr ;) [Santi et al., 2003; Mattavelli et al., 1993].

Control law: The reaching dynamics defining the evolution of the switching function s must
ensure the motion of the system trajectory from an arbitrary point on to the switching surface
s =0 in finite time. The chosen reaching dynamics defining the evolution of the switching
function is given by,

sj=—Ajsj—Qjsgn(sj) (5.45)

where A; > 0 is the parameter which controls the convergence speed and Q; > 0, which depends
on the magnitude of uncertainty. It is straightforward to prove the reachability condition
sTs < —nls|; n > 0 for reaching dynamics of (5.45). Substituting (5.40) and (5.44) into (5.45)
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~

and solving for u(t) results the following instantaneous duty cycle expression

D .V]V'. l[)
Ajsj+ Qjsgn(s;j) + ﬁlc’—lj + ISZJL—]” B3joj(ve = verer,j) — ﬁlc’—el’

ij(t) =

J Ba; Bi; . B2j Bij :
Lt} R iy S ) — g,

L; YC T, i L; YC T G, i

(5.46)

The control law given in (5.46), is obtained by considering the generalized load profile. The
control for a specific load model can be obtained by substituting respective load model in
(5.46).

The control law (5.46) forces the system trajectory from an arbitrary point on to
the switching surface s = 0 and maintains the system trajectory on s =0 then on. The volt-
age reference vcy.r,; to each converter is modified to ensure desired voltage regulation and
equal /proportional current sharing according to the adaptive nonlinear droop characteristics
(5.6). Droop characteristics of (5.6) is to be substituted into (5.46) to get the final expression
of the control law. Furthermore, the values of the droop coefficient of the two converters should
be same to ensure equal current sharing.

(b) Control design for BDC

The sliding mode controllers for different mode of operations of BDC are proposed in
the following subsection.
Switching function: To implement the charging and discharging algorithm presented in the
Section 5.2.1, the sliding mode controller of BDC uses three switching functions and facilitates
desired mode transitions. The following three switching functions are defined

(1) Switching function for constant current and float charging modes is given by
Scecf = ac,ccf(iL?a - iLref,3) +D, (547)

(2) Switching function for constant voltage mode is given by

Scev = i3ves — iLref,3VCref74 + ac7cv(VC4 - VCref74) + D, (548)

(3) Switching function for discharging mode is given by
84 = I13VC = iLref 3VCref + 0d(Ve — Verer) + Dy (5.49)

where D, = 0, [ (vea —Verepa)dt; 0. >0 and Dy = 04 [(ve —Verer)dt; 04 > 0 are the disturbances
which account for the influence of rest of the system and changes in load, in charging and
discharging mode respectively. iz.r3 is the reference value of inductor current for inner loop
current control and, verer 4 and verer3 are the reference values of battery side capacitor voltage
and dc bus side capacitor voltage respectively for outer loop voltage control. O ccr, O and
oy are the switching function parameters.

Control law: In this section, control laws using switching functions defined in the previous
subsection are derived. The control laws force the system trajectory from an arbitrary initial
point, on to the switching surface (s =0) and constrains it to the switching surface then on.
The PWM based sliding mode controllers for BDC are designed through reaching dynamics
approach. The chosen reaching dynamics is given by

§3 = —A353 — Q358n(s3) (5.50)

where A3, O3 > 0 and s3 (saccf, Scev and sg) are the parameters of reaching dynamics and
switching function corresponding to the BDC. It is straightforward to prove the reachability
condition s”§ < —n|s|;n > 0 using reaching dynamics of (5.50).

To derive the control laws for different modes of the BDC, extended model correspond-
ing to the respective mode, similar to extended model of RES converter of (5.40), is obtained
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separately for charging and discharging mode using disturbances D, and D, respectively. The
instantaneous duty u ¢ for constant current and float mode charging using (5.42), (5.47) and
(5.50) is given by

ves | —L3(A3Sc.cep + Q358N (Se.cef) + Oc(Ves — Verep.a))

5.51
Vbus Oe ccf Vibus ( )

Uccef =
The same constant current charging controller can be used for float charging. The controller
automatically changes its charging current reference (constant current to float charge current
reference) using the proposed charging algorithm. The instantaneous duty u. ., for constant
voltage mode charging using (5.42), (5.48) and (5.50) is given by,

vea L3(ig3 + O ev) (ir3 — ipar + De)

u =
I Vs C3veaVius (5.52)
4 —1s (A3sc7cv + Q3Sgn(sc,cv)) + GC(VC4 - VCrefA)
veaVius

Similarly, using (5.43), (5.49) and (5.50), the instantaneous duty cycle u, for discharging mode
is given by
C3(VE —vcVipar) — La(irs + 04) (i3 — ipac + Da)
C3V%—L3iL3(iL3+Old)
N —C3L3 (X354 + Q358n(54)) + 64(ve — Veref3)
C3vE — Ligs(ips + 0tg)
The instantaneous duty cycles represented by the equations (5.46), (5.51), (5.52), and (5.53)

are then compared with repetitive triangular signal of desired switching frequency to generate
fixed frequency PWM pulses for the BDC.

Ug =
(5.53)

5.2.4 Stability on Switching Surface

In this section, stability of the converter’s dynamics during sliding mode s =0 will be
established. Stability of the RES converters and the BDC will be discussed separately, consid-
ering the influence of the disturbance of the rest of the system, on the respective converter.

(a) Stability of RES Interfacing Converters on Switching Surface
The reduced order dynamics of the first RES converter during sliding mode s; =0 is
given by

i = —@(Vc —VCref,1) = &Dl +iLref,1 (5.54a)
B2 B

dve  dy . lo1

L T T 5.54b

di ~ Cy™' T Co (5.54b)

dD

d—tl = 61(ve — Verer,1) (5.54c)

Eliminating i;; and incorporating voltage droop equation (5.6), the reduced order dynamic
model becomes

TOR
ﬁ — i1 (ve — Vdcref+’<ll§11)+ﬁ_u161/(vc Vdcref+7<ll§ll)dt

“ B

“dr df ﬁ 21
—iLref,1 tio1 =0

(5.55)

substituting i, in terms of total load current from (5.41) and differentiating (5.55) with respect
to time, (5.55) becomes.

Bii . dve  Bu gd 1 d B3
¢, Lve  Buydve B8 Qo howve —
“dr? +ﬁ21u1 dt +ﬁ21u1 P 1321141 e
; . . (5.56)
31 lload
Eulo'lvdc ef T BZIMIGIKlbélll%ad+bl d(:,‘a =0
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Considering linear approximation of the load current ij,.q(vc), we can write.

. aiload
load ~ e vc
5.57
dijpad Naiload dﬁ ( )
dt "~ dvc dt
Substitution of (5.57) into (5.56), and assuming & =1 to simplify (5.56), results in
ﬁll 0 ﬁ aiload aiload dvc
Ce ——u1K1b b — ..
I de (321 4_/321M1 P ve o dve ) dt
. (5.58)
1331 P B3 Jiload Bsi .

i, 01 + i 01Ky by Ve = 5—U101Vg
1321 B2 dve ) Bai cref

For the stability of the system on the switching surface s = 0, following conditions must be
satisfied.

a.oa
g; ; (b1+§liuﬁklb1) all Cd >0 (5.59a)
ﬁ31 N ﬁ a Load
01+ o1K1b >0 5.59b
/321 ui0q ﬁ lul 1801~ (9 ve ( )

Considering the load profile of (5.38)

aiload . 1 P
6vc N RL

v?ic,ref (560)

where vge ror is nominal value of the dc bus voltage. Substituting (5.60) into (5.59) implies

Bu i B 1 P
+ (b1 + =—ui Kb ———)>0 5.61a
ﬁzl b Bai i l)(RL vtzic,ref) ( )
1 P
T Liyo1kiby (o — —5—) >0 (5.61b)
B 21 B 21 RL vdc,ref
Let
B4 1
K = — ; and Ky := —— 5.62
Y Baib + Buidi ki > Kb (5.62)
Simplifying (5.61) using (5.62), we get
P 1 P 1
s — o <Kj; and ——— <K, (5.63)
vdc,ref Ry vdc,ref R

Therefore, in order to ensure stability, the following condition must satisfy.

P 1
5—— — > <K; where K=Min{K;,K>} (5.64)
v R
de,ref L
It implies
1
P < véc’ref(R_L +K) (565)

It can be seen from (5.65) that, the limit on CPL component of the load depends on power
consumed by the resistive component, nominal dc¢ bus voltage, and K. In the worst case, when
the minimum value of K is zero (with i} =0 i.e. u; = 1), to ensure the stability of the system
CPL power must be less than the power consumed by the resistive component of the load. All
other cases will result in higher limits on CPL power. Same method can be applied to prove
the stability of second RES converter.
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(b) Stability of BDC on Switching Surface
The reduced order dynamics of the BDC during sliding mode and CC charging mode
with s¢..r =0 is given by

ij3=— D.+ iLref,l (5.66&)
c,ccf
dves 1. Ibdc
— = —ij3— 5.66b
i GRTG (5.66b)
dD
dtc = GC(Vc4 — VCref,4) (5.660)

while obtaining (5.66) using (5.42) iy is replaced with ip4e, as during charging (buck) mode,
the magnitude of iy, and ipg. is same. Following the procedure of the previous subsection, the
reduced order dynamics of BDC in CC charging mode is given by

dZVC4 8i10ad (o O,

— +bpac— o+ ves =
q c

dr? ove  Occef Oleccf

Ce

VCref 4 (5.67)

For the stability of the system on the switching surface s = 0, following conditions must be
satisfied.

a ] od
bbdcalchd >0 (5.68a)
% o (5.68D)
ac,ccj'

In CC charging mode the battery bank behaves as a constant current load, it implies

alload —0 (569)
8vc

Therefore, in order to ensure stability, the following condition must be satisfied.

Oc

0
Olecer > (5.70)

It implies that BDC in CC mode is stable, as by definition o, and o s are positive.

For CV charging and discharging operating of the BDC a nonlinear switching functions
have been used. Similar switching function has been used for designing a sliding mode controller
for buck converter feeding resistive and CPL (Chapter 3) and boost converter feeding a pure
a CPL (Chapter 2). The BDC in charging and discharging mode operates as buck and boost
converter respectively. Therefore, for stability proof in CV mode and discharging mode Section
3.2.1 and Section 2.2.1 of Chapter 3 and Chapter 2 respectively, can be referred.

5.2.5 Simulation Studies and Experimental Results

The validation of the proposed nonlinear control scheme using SMC to mitigate the
destabilizing effects of CPLs and to control control the dc bus voltage in an islanded DCMG,
is presented in this section using simulation studies and experimental results.

(a) Simulation studies

The specifications of the test dc microgrid and controller parameters are provided in
Table 5.3. In simulation studies, loads CPL-1 and CPL-2 have been modeled as an ideal CPL.
The solar PV arrays have been modeled with matching parameters that of actual rooftop PV
modules (Moser Baer’s Power Series FS Bin 380), used in the experimental setup. A constant
solar irradiance of 800 W /m? is considered for both PV arrays.
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Table 5.3 : Specifications and controller parameters of realized dc microgrid

Parameter(s) Value(s)

PV Array 1,2 Voe =187.8 V, [, =6.54 A, Py =760 W
Cy, Gy, C3, and Cy Each of 47 uF

Ly, L,, and Lj Each of 2.2 mH

Battery bank 10 batteries of 12 V, 26 Ah (in series)
R, CPL—1, and CPL—2 512 ©, 300 W, and 585 W

Nominal dc bus voltage, Ve ,o.r 380V

B1, B2, and B3 100, 400, and 10

A and O 2000 and 0.2

K =Ky and él = 52 0.7 and 1.33

Qe ccfs Oy, and Oy 1290, 1000, and 27x10*

n, N, and Mg 3000, 2000, and 2000

A, and 0 2500 and 3x10°

Chus 2000 uF

Switching frequency, f; 25 kHz

To validate the steady-state and dynamic performance of the system with the pro-
posed control, it is considered that initially system is feeding a mixed load (Ry =512 Q and
CPL-2=585 W) and then CPL-1 of 300 W is switched on at t = 0.25 5. Simulation results cor-
responding to the above operating condition are shown in Figure 5.12. Figure 5.12(a) shows
that the steady-state value of dc bus voltage is 363 V, which reduces to 362.4 V (voltage
regulation=4.6 %) when CPL-1 is switched on at r = 0.25 5. The voltages of both PV ar-
rays (Vpui, Vpi2) and battery bank (Ve ) are 152.75 V and 130.5 V respectively, and reduce
slightly in response to load change at r = 0.25 5. Figure 5.12(b) shows contributions of RES
converters and BDC (working in discharging mode) in the load current, and current supplied
by the battery bank. In response to load change at r = 0.25 s, the RES interfacing converters
and BDC accordingly increase their output currents. Furthermore, it can be seen that the RES
converters supply equal currents. Figure 5.12(c) shows corresponding inductor currents of the
RES converters and BDC. Figure 5.12(d) shows individual currents drawn by the three load
components. It can be observed that in response to reduction in the dc bus voltage due to load
change at t =0.25 s, the current drawn by resistive load reduces and that of CPL-2 increases.

In the next subsection, experimental results are presented to validate the performance
of the proposed control scheme. In addition to the above operating condition, various other
operating conditions were considered while obtaining the experimental results.

(b) Experimental validation

An experimental setup of the dc microgrid as shown in Figure 5.13 was developed and
tested in the laboratory. Two PV arrays, each of 760 W maximum power were interfaced to dc
bus through dec/dc boost converters. A BDC was used to interface battery bank of 120 V, 26 Ah
to the dc bus, to facilitate bidirectional power exchange between dc bus and the battery bank.
The load in the system consists of a resistive load (programmable dc load in Constant Resistance
mode), CPL-1 (programmable dc load working in constant power load mode), and CPL-2 is a
speed controlled dc/ac inverter drive. An image of the experimental setup is shown in Figure
5.13.

The proposed controllers have been realized through ORDS. The ORDS system, is a
high end real-time computation system with large number of analog and digital I/Os to
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Figure 5.12 : Simulation results with the proposed SMC: System feeding a mixed load (resistive +
CPL-2) with BDC in discharging mode, and CPL-1 is switched on at 7 = 0.25 ; (a) Vius,
Vovly Vovz, and Vig; (b) Iot, lo2y Ipac, and Ipe; (<) Ini, Ir2, and Ip3; (d) Ig, Icp—1 and
Icpr—

: ~ .
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Figure 5.13 : An image of the experimental setup of islanded dc microgrid
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interface real hardware or to conduct real-time simulation studies. The acceptable signal
range of I/Os is +16 V. The desired model intended to run on ORDS is to be modeled in
MATLAB/SIMULINK™ environment and loaded to the simulator using RT-Lab software.
The proposed sliding mode control scheme was modeled in MATLAB/SIMULINK™ . The re-
quired state variables were sensed and interfaced to the controller through analog inputs and
computed control inputs for the system are made available at digital output ports. The values
of the controller parameters and references are supplied by the user.

A fixed step size of 10 ws is used to compute the proposed controllers. The monitored
system variables for display and analysis purpose are obtained from analog outputs of ORDS.
The values of some of the monitored variables were scaled down to comply 1/O ports specifi-
cations. Therefore, displayed variables have to be multiplied by their respective scaling factors
provided in Table 5.4, to get their actual values.

Table 5.4 : Scaling factors to determine actual values of the variables

Variables Scaling factor
Vbus, val, vaz, and me 407 20, 20, and 15
All currents 1

To validate the steady state and dynamic performance of the proposed robust SMC
scheme, the experimental results were obtained under the following operating conditions

1. System is feeding a resistive load (R, =508 Q), with BDC in CV charging mode.

2. System is feeding a resistive load (R, =508 Q) and CPL-1 (300 W), with BDC in CV
charging mode.

3. System is feeding a resistive load (R, =508 Q) and CPL-1 (300 W), with BDC in CC
charging mode.

4. System is feeding a resistive load (R, =508 Q) and CPL-1 (200 W), with BDC in float
mode.

5. System is feeding a mixed load (R, =508 Q and inveter drive drawing 1.6A) and then
CPL-1 of 300 W switched on, with BDC in discharging mode.

TelStop. Tek Pre

Vhus = 9-392 (scalenv/div.) 162=488.7mA (scale:500mA/div.)

Ve2=7.439V (scale:2V/div.)

10=498.7mA (scale:soomA/diV.)

Vpvi1=7.570.(scale:2V/div.) ol

]bdc

=-973.3mMA (scale:500mA/div.)

(a) (b)

Figure 5.14 : Experimental results with the proposed SMC corresponding to the Operating Condi-
tion 1: (@) Vius, Vpu1, and V05 (b) I, Ioz, and Iy

Figure 5.14 shows plots corresponding to the Operating Condition: 1. It can be ob-
served from Figure 5.14(a) that value of dc bus voltage is 375.68 V (voltage regulation =1.14 %)
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and PV array voltages are 155 V and 148.78 V respectively. Figure 5.14(b) shows output cur-
rent of the two RES converters and a current of (973.3 mA) drawn by BDC from dc bus. It can
be seen that the difference in the currents supplied by two RES converters is very small 10 mA.
Results corresponding to the Operating Condition: 2 are shown in Figure 5.15. The value of
dc bus voltage is 369.64 V (voltage regulation =2.73 %) and PV array voltages are 141 V and
145.34 V respectively ( Figure 5.15(a)). Figure 5.15(b) shows output current of the two RES
converters and a current of (561.5 mA) drawn by the BDC from dc bus. It can be seen that the
difference in the currents supplied by two RES converters is negligible 3.5 mA.

Tek Prevu

Tek Prevu
Vous =9.241V(scalesV/div.) 102=630.1MA (scale:500mA/div.)

Vy2 =7.267V(scaleaV/div.) .

10:=633.6mA (scale:500mA/div.)

Vows =7-035V(scale:2V/div.)

Ibdc=-561.5mMA (scale:500mA/div.)

(a) (b)

Figure 5.15 : Experimental results with the proposed SMC corresponding to the Operating Condi-
tion 2: (a) Vius, val; and vaz; (b) Io1, 1o, and Iy,

Responses of different voltages and currents for the Operating Condition: 3 are shown
in Figure 5.16. Figure 5.16(a) shows dc bus voltage of 372.4 (voltage regulation =2 %), and
PV array voltages of 145.6 V and 146.4 V respectively. RES converter’s output currents (715.9
mA, 778.2 mA) and the current drawn by the BDC (1.913 A) are shown in Figure 5.16(b).
Figure 5.16(c) shows inductor currents of RES interfacing converters, and Figure 5.16(d) shows
battery bank voltage (116.85V) and its charging current.

The system response corresponding to the Operating Condition: 4 is shown in Figure
5.17. The value of the dc bus voltage in this case is 366 V (voltage regulation = 3.6 %). It
can be observed that BDC draws small amount of current (21.49mA) as it is working in float
charging mode. The output currents of RES interfacing converters, PV array voltages and
battery voltages are also shown in Figure 5.17. To validate the dynamic response of the system
to the changes in load, experimental results were obtained under the Operating Condition: 5
as shown in Figure 5.18. The dc bus voltage is 364.8 V (voltage regulation = 4%) and it reduces
slightly when CPL-1 is switched on. The output currents of both RES interfacing converters
(Io1,102) and BDC (Ipg.), increase in response to the increased load current. It can be seen that
in this case BDC is operating in discharging mode.

The above simulation studies and experimental results validate the effectiveness of
the proposed robust sliding mode control scheme to control an isolated dc mcrogrid during
different operating modes. The proposed control ensures desired voltage regulation (<5 %)
and stability of the system under various operating conditions, in the presence of constant
power loads.
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Figure 5.16 : Experimental results with the proposed SMC corresponding to the Operating Condi-
tion 3: (@) Vpu1, V2, and Vs (b) Vius, fo1, lo2, and Ipge; () Ipy and Ipo; (d) Vie and
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Figure 5.17 : Experimental results with the proposed SMC corresponding to the Operating Condi-
tion 4: (2) Vyu1, Vi, and Vius; (D) Viusy Tot, Io2, and Ipac
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Figure 5.18 : Experimental results with the proposed SMC corresponding to the Operating Condi-
tion 5: Dynamic response of (Vpus, lo1,l02, and lpac)

5.3 SUMMARY

In this chapter robust sliding mode control scheme for an islanded dc microgrid feeding
a composite load has been proposed. The composite load profile takes into account a typical
load profile supplied by a practical dc microgrid. A limit on the CPL power to ensure sta-
ble operation has also been established. The effects of the primary source dynamics on the
controller performance have been taken into account by using the realistic PV array model.
The presented control scheme has been validated through real-time simulation studies using
OPAL-RT Digital Simulator under a wide range of operating conditions. The proposed control
scheme has been found to be robust with respect to variations in the input voltage, system
parameter, and the load. The controller also ensures tight regulation of the dc bus voltage
and stability under various operating modes.

Furthermore, in the second section of the chapter, a nonlinear control scheme using
robust sliding mode control approach has been presented to mitigate the destabilizing effect of
CPLs in an actual islanded dc microgrid. Stability of the system has been established analyt-
ically and validated through simulation studies and experimental results. The effectiveness of
the proposed control has been validated through simulation studies and experimental results.
It has been shown through simulation studies and experimental results that the proposed
control scheme ensure stabilized dc bus voltage, i.e. it does not show any destabilizing effect
of CPLs, under different operating conditions. It has been found that the proposed control
ensures voltage regulation of less than 5% and is robust to changes in the load. To demon-
strate the performance of the implemented charging/discharging algorithm for bidirectional
dc/dc converter, experimental results have been obtained showing its operation in different
operating modes. In the next chapter, contributions of the work presented in this Thesis will
be concluded.
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