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Abstract

Power electronics—based converters for photovoltaic (PV) systems are susceptible to over-
cutrents; it is important to design their controllets to reduce the transient current for all
viable operating conditions. To design a current controller and find the maximum tran-
sient current via simulation-based techniques, the exact values of the system parameters,
initial states, and inputs are required. However, they are not precisely known in practice,
some system parameters such as inductances may change over time, and output power and
load are variable. The uncertainty in the parameter (filter inductance) and input of the sys-
tem (injected power) should be considered in the analysis of a PV system controllers as
it can degrade their performance, which are designed for the system nominal parameters.
This paper employs reachability analysis for a grid-connected PV system to (1) find the
maximum transient current, (2) devise an improved PI current controller and (3) compare
the maximum transient current in PI- and internal model control IMC)-based controllers
with uncertain-but-bounded input power and inductance error. Simulation and experimen-

1 | INTRODUCTION

Renewable energy resources (solar and wind) generate about
8.63% (in 2019) of the electricity in the United States [1]. Solar
photovoltaic (PV) energy is a popular renewable resource, and
its steady-state and transient performance analysis are of great
interest. A PV unit is commonly connected to the power grid via
a voltage-sourced converter (VSC) and an RL filter. To control
the current of a grid-connected PV unit, a local current con-
troller should be used. The role of the local controller is to
effectively follow its set point by correctly applying the actua-
tion variables (e.g. voltage) to the VSC. To study the behaviour
of a PV system and design its controllet, the exact model of the
plant, its operating condition, and its inputs are needed; how-
ever, the plant parameters are not necessarily constant and may
change during the system operation which may degrade the con-
troller performance. Moreover, the injected power of the PV
system depends on the sunlight which is variable; the load is
also uncertain. Collectively, this uncertainty in system parame-

tal studies showcase the results.

ters and inputs introduces two important challenges related to
the dynamic behaviour of a PV system: (1) design of the con-
troller architecture and parameters; and (2) analysis of its tran-
sient behaviour.

This paper reviews and addresses both of these challenges.
First, to design the controller for an uncertain system, robust
control methods are conventionally used. Ref. [2] proposes
a robust online PID controller tuning method to update its
parameters while avoiding instability during a change in the
system parameters. Since this method continuously retunes
the controller parameters based on the variation in system
parameters, any error in measurements may cause an inaccurate
tuning, Ref. [3-5] design robust controllers for VSC-based sys-
tems but they have complicated control procedures with many
parameters to be tuned. Ref. [3] designs a controller to improve
power quality, decrease harmonics, and increase stability margin
duting distutbances and uncertainties; however, it does not
provide a proper transient performance considering a param-
eter uncertainty and it has nine tuned parameters. Therefore,
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an improved and simple controller design can be a preferred
method.

Second, to accurately analyse the behaviour of a PV system
(this paper focuses on the transient current behaviour), all of
its parameters, initial states, and inputs are needed. The conven-
tional method to analyse a PV system transient behaviour is to
perform several simulation case studies [6—8]. However, gaining
confidence into the performance of an uncertain system is dif-
ficult, and it is not possible to simulate infinitely many possible
uncertain scenarios.

To address these shortcomings, this paper uses reachability
analysis (RA) to analyse and tune the controller parameters of
an uncertain PV system and improve its transient behaviour.
Reachability analysis is a computational method to calculate
the reachable set (operating boundaries) of the system variables
including all possible scenarios for uncertain-but-bounded
parameters [9, 10]. This analysis can be used to ensure that the
system variables do not exceed their limits. Several research
efforts have employed RA to analyse uncertain power elec-
tronic systems. Refs. [10] and [11] use RA to verify voltage
ride-through capability of PMSG and DFIG wind turbines,
respectively. In these references, the reachable sets of the system
variables are found considering grid voltage disturbances. Ref.
[12] studies the droop control performance in DC microgrids
using RA. In ref. [13], the large signal behaviour of a DC-DC
boost converter is verified by RA. Ref. [14] uses RA to com-
pate two different closed-loop controllers for a buck converter.
In ref. [15], the transient behaviour of a DC-DC converter using
hybrid automaton modelling is verified by RA, and its results are
compared with Monte Carlo simulations. Monte Carlo—based
simulations are used in systems with uncertainty using a large
set of random scenarios [15, 16]. Ref. [15] concludes that RA
has faster and more confident results than Monte Carlo—based
simulations. To sum up, refs. [10-14] use RA for transient
analysis of power electronic systems with uncertain inputs, and
[15] uses RA for analysis of systems with uncertain parameters
for reliability purposes.

To the best of the authors’ knowledge, no research paper has
employed reachability analysis for a PV system for the purpose
of tuning its controller parameters and analysis of its transient
performance with both uncertain inputs and parameters. In the
present paper, reachability analysis is employed to find the max-
imum transient value of the VSC terminal current considering
uncertain-but-bounded DC power (input) and filter inductance
(parameter) error (due to, e.g. saturation, aging, and heat). In
this study, three different current controllers are considered:
(1) standard PI current controller designed based on conven-
tional methods such as Bode plot method for nominal sys-
tem parameters, which does not consider system uncertainty;
(2) improved PI current controller designed for the system with
inductance error using our proposed RA-based method, which
considers system uncertainty in controller design procedure;
and (3) internal model control (IMC)-based controller [17, 18].
The contributions of this paper are:

* Derive the state-space model of the PV system with PI and
IMC controllers considering uncertain filter inductance;

* Design a method to retune the PI current controller to lower
the maximum transient current in presence of inductance
errof;

* Analyse the PV system with accurate and uncertain induc-
tance for three different controllers using RA.

The RA results verify that in the presence of inductance
error, improved PI controller designed by RA and IMC
controller lead to a lower maximum transient current than
the conventional PI controller. Moreover, simulation tresults
show that they have lower transient current compared with
a robust method proposed in [3]. Therefore, the system with
improved PI and IMC controllers can better meet the system
requirements.

This paper is organised as follows. Section 2 introduces RA.
Section 3 discusses the uncertain grid-connected PV unit state-
space model and controller design procedure. Section 4 presents
the RA results. Section 5 validates the RA results by simulation
and experimental results. Section 6 concludes the paper.

2 | REACHABILITY ANALYSIS OF A
LINEAR SYSTEM

To perform reachability analysis for a linear dynamical system,
we start with its state-space model:

x(t) = Ax(t) + v(), )

where A is the uncertain state matrix of the system (4 € A C
R™M), x(2) is the state vector, and #(#) is the input vector (v(¢) €
V C R”). The initial state vector of the system is x € X, C R”.
The input and initial state vectors are uncertain but bounded.
The solution of (1) for all possible trajectories gives the reach-
able set (operating boundaries) of the system variables. The
exact reachable set R“(# = 7/) of a dynamic system is the solu-
tion of (1) from time 0 to 7, (¢ is the final time when the sys-
tem reaches the steady state); however, calculation of the exact
reachable set is not straightforward and the overapproximated
reachable set R(#) is calculated instead (R°(z) € R(#)) [10].
The union of all overapproximated reachable sets at time #

(e = k1,7 > 0,k = 1,..., -5 ina time interval [0, 7] with the
—

sampling time 7 is defined as the overapproximated set for the

complete time interval [0, 7/]:

R0, /1) = | Rl 22411)- @
g

Several methods can be used to compute the overapprox-
imated reachable sets. Examples are polytopes [19], griddy
polyhedra [20], ellipsoids [21], oriented rectangular hulls [22],
zonotopes [10, 11, 23], support functions [24], and level
sets [25]. In this paper, the zonotope-based method is used due
to its closedness under linear transformation and Minkowski
sum [23]. A zonotope is a polytope formed by the Minkowski
sum of a zonohedron’s line segments in any dimension and is
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defined as

3
Z:{f+2ajg(f>,—1§asl,ocek”}, 3)

=1

where g¥s are generators of the zonotope and ¢ is the center
of the zonotope (¢ and g¥s are vectors in R”). Zonotope Z is
denoted as Z = (c, (g(]),g@), ,g(f’))).

The linear transformation L for zonotope Z is defined as

= (Le, (Lg, 1g®, ... ,Lg?)). (4)

The Minkowski sum of zonotopes Z; and Z, is defined as

2@z, = (51 to <g§1>,g§2),--- ,gim,gg),gf),.-- ,gé”)>).
©)
Using the superposition principle, the reachable set of the lin-
ear continuous-time system (1) can be calculated in two steps.
First, the reachable set of the system with zero input and non-
zero initial state is calculated (homogeneous solution R”(2)).
Then the treachable set of the system considering non-zero
input and zero initial state is calculated (inhomogeneous solu-
tion R/ (). The homogeneous and inhomogeneous solutions
are summed in each time step to obtain the reachable set for
each time interval:

R([ts tes1]) = R (e te41]) ® R ([ 1141])- (6)

The final reachable set in [0, #/] is the union of reachable sets
in each time interval and can be calculated from (2). Figure 1
shows the algorithm for reachability analysis.

2.1 | Homogeneous solution

The homogeneous solution of a linear time-invariant system in
the first time step 7 is R’(# = 7) = ¢ATX,), where &, is the set
of possible initial states [9]. The term ¢ is calculated using Tay-
lor series as

1 1
A =T+ Ar+ E(Az)z + 5(,4;)3 +

n 9
) S +EQ@),
=0 "

where 7) is the number of Taylor terms. Z(7) is added due to
overapproximation error and is defined as

(1Al)™" 1
m+D 1-—¢

E@)=[-11] ; ®)

where € = and 7) is chosen such thate < 1. [-1,1] is an

1, 1] [9]. The reachable set

[Alloo?
+2

interval matrix with its elements in [—

L

Set up initial states x, state matrix A, and input matrix
v(t) from state-space model of the system

v

Obtain zonotope-based model of the system based on
its state-space

v

Calculate the initial reachable set from (10)

k=1
Calculate the homogeneous and inhomogeneous
reachable set from (11) and (14)

Calculate the reachable set in each time step by adding
homogeneous and inhomogeneous sets from (6)

Calculate the final reachable set as the union of the
reachable sets of each time step.

Reachability analysis flowchart

o

FIGURE 1

R'([0,4)
CH(X0.R'@)

E&— Enlargement

FIGURE 2
interval [0, 7]; (a) homogeneous reachable set at 7 = T and initial set; (b) convex

Computing the homogeneous reachable set in the first time

hull of two sets; (c) adding enlargement to the convex hull as an
overapproximation

in period [0, 7] is the convex hull of X, and R”(t) in Figure 2.
The convex hull is enlarged to contain all reachable sets. This
enlargement is defined as a correction matrix F [9]:

S 05 e o
F= Y[ —im )05 @ E(). )

=2
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FIGURE 3

Schematic diagram of a grid-connected PV system

The homogeneous reachable sets of the system for the first
and subsequent time steps ate

R’([0,7]) = CH(X,, eATXO) S FX,, (10)

R ([tgs tr1]) = "R ({t4—15 14]), (11)

where CH denotes the convex hull. Figure 2 shows the compu-
tation of the homogeneous reachable set in the first time step.

2.2 | Inhomogeneous solution

To find the inhomogeneous solution of the system, it is assumed
that »(#) € V and r = 7 — 7. Therefore,

T T T
x/ (1) = AT / M @)dr € / ALY = / Adrp.
0 0 0
12)
The input of the system is uncertain. Therefore, an overap-
proximation should be performed to find the inhomogeneous
reachable set of the system [9]:

U i+1

R/[(0,7)] = lz (Z_T+ 1)!,4/'1)] ®EDTY, (13

=0

where Z/(7) is added for overapproximation [9]. At each time
step, the reachable set due to the inputs is calculated as

RS ([ts tian]) = AR (i1, 12]) ® R [(0,7)]. (14

3 | STUDY SYSTEM DYNAMIC
MODELLING AND CONTROLLER
DESIGN

Figure 3 shows the schematic diagram of a grid-connected PV
system. The PV unit and the load ate connected to the grid via a
VSC and an RL filter (which may also represent a transformer).
The conventional control method for VSC uses a nested-loop
structure; the inner loop uses a fast PI controller to control the
cutrent, and the outer loop uses a slower PI controller to con-
trol the voltage of the DC capacitor 1/ by setting the d-axis
reference current [20]. In this paper, the g-axis reference cur-
rent is chosen randomly within the limits calculated based on
the d-axis reference current. As an alternative for the inner loop,
the IMC method can be used to control the currents while 1/,

| Vsd

ldref Vid ir)\ 1 irg

5 sLy+Ry

(DL/

ol
igref Vig | + N 1 lig
4 _\T/ | sLy+Ry e

Vs.q Plant

FIGURE 4 Current controller of the PI-based VSC system

2 dyref

Ly

Controller

iq,ref

FIGURE 5 Current controller of the IMC-based VSC system

is controlled by a PI controller [17]. Figures 4 and 5 show the
block diagram of the PI and IMC controllers, respectively. In
this paper, the performance of both current controllers is com-
pared by reachability analysis. Moreover, a PI controller design
methodology based on RA is proposed to reduce the maximum
transient current when the inductance value is uncertain. The
filter inductance value can have an error due to, e.g. aging, heat,
and saturation, which should be considered in the system anal-
ysis and controller design. The filter resistance is the equivalent
series resistance of the inductor which is relatively constant. To
apply RA, the state space model of a system is needed, which is
obtained next.

3.1 | State-Space model of the VSC with PI
controller
Figure 4 shows the block diagram of the current controller of

the VSC with a PI controller. The dynamic equations of the VSC
in the dg-frame are [26, 27]

7. d | _ | =By @Ly] |a 4 |fed ~ % 15)
Jdr iy —wL; =Ry [ig thg = g’
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where 7 ; and 7 , are the VSC terminal currents in the dg-frame,
14 and y,, are the terminal voltages, 7, s and », , are the grid
voltages, #; and #, are controller commands, R is resistance of
the filter, and /. is the actual inductance of the filter. Equation
(15) shows that the dg-frame currents dynamic equations are
coupled due to wZ, terms. To decouple them, #; and #, are

defined as two new control inputs

"l _ 0 wa,norn Z:t,d + Vd T Vs d . (16)
#, —WL/ hom 0 lq Vg~ Vs gq
where L o is the nominal inductance of the filter (possibly
different from actual value of inductance ). Therefore, the

new set of equations for dynamic model of the VSC system with
inductance error can be derived as

4 ha| = )
/ dt Z.t,q _w(Lf - l’f,nom)

I:Z’lf:| .
g

Errors ¢; and ¢, are fed to a PI controller. Two internal state

variables g, and g, are defined as integrator outputs. The con-

w(Lf - Lf,nom) Z.t,d
—Ry g

troller commands can be calculated as
ny = e4ky + 2 (18)
ny = e,kp+ 3, (19)

whete £, is the proportional coefficient of the PI controllets.
By substituting e, =Alhd,ref - Z},d ande, = iy, s — 4, from Equa-
tions (18) and (19) in Equation (17), the complete state-space
model of the system with PI controllers considering inductance
error is written as

Rtk L/~—L/~mmw I
d Ly Ly Ly fd
i Z.t,q _ _L/‘—Zf,mmw _R‘/~L+/é/, 0 LL jt,q
dz | ; f f f
2” —k; 0 0 0 Z
! 0 —& 0 0
(20
L
Lf
k]) Z.d,ref
+ 07 l ,
k0 lq,ref
0 4

where £; is the integrator coefficient of the PI controllers.
Equation (20) shows that if L/ ., # L, small coupling terms
between d- and ¢- axes can degrade the controller performance.
i4,ror and 7y, r ate the inputs of the PV system, and they are pro-
portional to real power and reactive power, respectively (assum-
ing »; , = 0).

3.2 | State-Space model of the VSC with IMC
controller

Ref. [17] proposes a model-based alternative (IMC) to the con-
ventional Pl-based current controller for a VSC. The IMC
approach considers the system model in the controller struc-
ture and has a simple structure as shown in Figure 5. Ref. [17]
shows that compared with the Pl-based current controllers,
IMC-based current controllers have better performance with
a smaller overshoot, faster step response, higher axis decou-
pling, and higher robustness against faults. However, [17] vali-
dates these with limited case studies. In this paper, the maximum
transient current of the IMC controller is compared with that
of the PI controller in all possible conditions using reachability
analysis.

The state-space model of the VSC with IMC controller is
needed for reachability analysis. Based on Figure 5, the IMC
control inputs are defined as %;,, I/l;, ﬂ;' and %ﬁ/:

Zt; = ed/é/g + 2’{’!, ﬂ; = eq/é/g + 2’,;, 21
"o )
ny = ek, + 3, u;’ = ¢k, + 2';’, (22)

where z{’l, z,j, z{’/ and g:i’ are internal state variables. &, /éf /é;' and
,éy are the parameters of two PI controllers in IMC defined in
[17]. They depend on nominal system parameters. However, the
system parameters are not constant and the resulting controller
parameters may not be optimal under all operating conditions.

We have
i Vg — Vs g
t, s,
I:ﬂ,[/+ u'q'] = [1/ - ] ’ (23)

q d’ tq S»q

By substituting Equation (21) and (22) in Equation (23), the
state-space model of the system with IMC controller is obtained

as
[; d‘ [ RptE, Lotk 1]
t, _ £ L ___r ___ O O [
. L/ Lj ]‘/ L/
hg Ltk R+, o L1,
a|z _ w Ly Ly Ly
al 7] & 0 000 0
I 0 —£ 000 0
1 7
R —&! 0O 000 0
B/ B 0 0 0 0
24
][44 ”
. Ly Ly
AREEY.
L, L 24, re
X Z‘f + /%; 0/ .rf .
3 / lq,ref
0 £
f{é/ /é// 01
1" Lo
(7] LO & ]
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IMC controller parameters are calculated based on a single
tuning parameter 4 [17].

3.3 | PI controller design procedure using
reachability analysis

Conventional VSC current controllers are PI-based, which can
be designed based on well-known methods such as Bode plot,
Nichols, Nyquist, and root locus. This paper uses Bode plot
method for the initial controller design. These methods use
nominal values of the system parameters. However, any changes
in system parameters or error in their values may degrade the
performance of the controller. To address this issue, this paper
uses RA to retune the PI controller parameters considering an
error in the filter inductance. RA, as discussed in Section 2, is
performed on Equation (20) to find the bounds of the transient
current and tune the proportional and integral coefficients of
the PI controller to reduce transient currents. These parameters
change in a loop and the reachable set of the currents (bounds
of the transient current) is calculated for each pair of PI param-
eters.

This algorithm obtains the improved parameters in two tun-
ing stages: (1) a coarse tuning stage to find the vicinity of the
improved parameters, and (2) a fine tuning stage. In the coarse
tuning stage, £, and £; paramecters of the PI controller are
increased from zero to £, and &;, in steps of Ak, and
Ak; (% pmax> #imaxs A/ép, and Ak, are heuristically chosen as
10£5, 10£,9, 0.2%5, and 0.4£;), respectively, where £, and £
are the initial PI controller parameters designed by Bode plot
method). The reachable set is recorded for each value of £,
and 4;. The £, and £; values that give the lowest current limit
are named £, coarse A0d £; coarse- Figure 6 shows the flowchart
of the proposed PI parameter coatse tuning procedure. In
the fine tuning stage, the vicinity of &, ouse and £ conrses 1-€.
[’ép,coarse — Ak s & ,coarse + A’ép] and [’éz',coarse - A/éi’ ’éi,coarse +
Ak, is searched with a smaller step of 0.1A%, and 0.1A%;. The
#, and £; values that give the smallest transient current bound
are considered as the improved PI controller parameters, £,

and £;

7,imp*

4 | REACHABILITY ANALYSIS RESULTS

In this section, reachability analysis is performed on the grid-
connected PV system of Figure 3 with parameters of Table 1.
Case studies are presented for two different conditions: system
with inductance error (with an error up to +£50%) and system
with accurate inductance. Although error can vary based on
the system conditions, the procedure of the analysis and con-
troller design remains the same. For both case studies, RA finds
the largest transient current in all possible scenarios and com-
pares the performance of current controllers using the models
in Equations (20) and (24). The system inputs 7y,,, and 7y,
2 2 <2

can take any value subject to faver T lony < Lnom: To repre-

Set LF [0 -SLf,nom ,1 -SLfnom], izd,ref +i2q,ref§ Iznom 5 kp,max» ki,max’
kp=0, k=0, Akp> Ak;, kp,coarse=kp0’ ki,ooarse=ki0, Ilim=Ilim,initPI

y
Calculate R(#) from Fig. 1,
(reachable set for iy q vs. it q)

Vi, ing € R(1):
ax{i’ a+i’iq )< P

2 2
Ilim=max{ \l Utdtl tq }, kp,coa:se=kp 5 ki,coalse=ki

»
>

| ki=k;+Ak; |

Yes

FIGURE 6
system with inductance error using RA. The fine tuning procedure is similar

PI controller parameter coarse tuning procedure for the

except that Ak, and A4; values are smaller (as mentioned in text, one-tenth of

their values for coarse tuning). All variables are defined in Section 3.3.

sent inputs as a zonotope, this circle is overapproximated by
an octagon, since an octagon (as a zonotope) is the Minkowski
sum of a zonohedron’s line segments. The case studies are pet-
formed in MATLAB/CORA [28] from zero to 0.2 s with a
time step of 200 and 50 ys for the PI- and IMC-based con-
trollers, respectively IMC controller needs a smaller time step to
converge).

4.1 |

System with inductance error

Figure 7(a) shows the RA results for the system with inductance
error for two state variables 7.4 and 7 .
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TABLE 1  Parameters of the study system

System parameters Value
Rated power, £, 210 W
Filter resistance, R 1.2Q
Filter inductance, L/ nom 23 mH
Grid voltage, v, 30V
Grid frequency, f 60 Hz
Switching frequency, f, 6 kHz
DC link capacitance, C' 500 uF
DC link voltage, I, 150 V

Load, 4,9 Range defined in Section V

Controller parameters Value

9.4 VA™!, 480 V(As)™!
21 VA™!, 1200 V(As)~™!

Initial PT controller, kp, I3

Improved PI controllet, £ imp, £/ imp
IMC tuning parameter, 4 0.003

7.7 VAT, 310 V(As) ™!
0.48 VA™!, 2900 V(As)™!

PI controller in IMC, é’ﬁ, £,

PI controller in IMC, k}’, £

(¥}
T

it,d (A)

FIGURE 7
with (a) inductance error and (b) accurate inductance, comparing initial P1,

Reachability analysis results of the grid-connected PV system

improved PI and IMC controllers

41.1 | Casel (Initial PI controller)

Figure 7(a) shows that the boundary of the transient current
is 6.9 A in this case study. That is, if the reference currents
change in a circle with a radius of /,,,, and L takes any value
in [0.52 f hom» 1.5L 7 nom], the terminal current does not exceed
6.9 A and the currents are always within the reachable set shown
in Figure 7(a).

412 | Casell (Improved PI controller)

In this case study, to reduce the maximum transient current,
the PI controller parameters are improved by RA based on the
procedure discussed in Section 3.3. Figure 7(a) shows that the
boundary of the transient current is 6 A, which means that

reachability-based design reduces the maximum transient cut-
rent boundary by 22.5% from 6.9 A.

413 | CaseIlI (IMC controller)

This case studies the system with IMC controller. Figure 7(a)
shows that the boundary of the transient current is 5.4 A, a
decrease of 37.5% from the initial PI controller and 15% from
the improved PI controller.

RA results show that the maximum transient current in the
initial PI controller decreases with the improved PI controller,
but it is not better than the IMC controller. Therefore, the
improved PI controller designed by RA and IMC controller
are more capable of meeting the system requirements than the
initial PI controller designed based on conventional methods.
Accordingly, to lower the transient current in the system with
inductance error, it is a design choice to only retune the PI con-
trollers (using improved PI controller) or to consider a different
control strategy (IMC controller).

4.2 | System with accurate inductance

This section discusses RA results in the system with accurate
inductance. The case studies are similar to Section 4.1. Fig-
ure 7(b) shows the reachable set of currents (transient current
boundary) for Cases B-I (initial PI), B-II (improved PI), B-III
(IMC). The bounds of the transient current are 4.4, 4.8, and
4.6 A. By retuning PI controllers, the transient current boundary
increases in the system without inductance error (the limit of the
current is higher in Case B-II than in Case B-I). Therefore, with
no inductance error, Bode plot method is a sufficient tool to
design the PI parameters (comparable to IMC controller). How-
ever, in the presence of inductance uncertainty, the improved PI
controller designed by RA has better performance than Bode
plot method.

5 | SIMULATION AND EXPERIMENTAL
RESULTS

To validate RA results, all the former case studies are simulated
in MATLAB/Simulink. As discussed in Section 4, the inputs
id,rey and 7y, ; can take any value in a circle centred at the ori-
gin with radius 7. To emulate this condition, the PV unit is

turned on and off with a switch every 0.4 s and its current zpy

3]nom Vs

is either 0 or . The load is modelled as a variable neg-

ative current source (current sink) and changes randomly in
. 3Lhom?s . .

[0, zpp- + %] every 0.1 s, where 17 is the DC link voltage

and v, is the source voltage as defined in Table 1. The PV unit is

modelled as a voltage source (180 V) connected in series with a

. 180—17 . .
resistance (R = —— = 25 Q). 4, ,, s is chosen randomly every
PV max (],Vlf
. e 2 2 2 .
0.05 s based on 7y, to satisfy s + lors < Lnom- Zq,rey varies

with a lower frequency than 7, to consider 4y, variations

lq,
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OPAL-RT

VSC PV

FIGURE 8 Experimental setup of the PV system

in both 74, ; constant and varying conditions. The filter induc-
tance is selected randomly between 50% and 150% of its nomi-
nal value. Simulation runs for 20 s.

For experiments, the controllers are implemented using real-
time simulator and controller OP5031 OPAL-RT. There is an
1/0 unit between OPAL-RT and VSC; it receives PWM signals
from OPAL-RT and sends them to SKYPER 32 R gate drivers.
It also receives the voltage and current measurements and sends
them to OPAL-RT to be used in controller. Figure 8 shows the
experimental setup. To provide random inputs for the experi-
ments, the PV unit is connected for half of each case study time
and the DC electronic load is randomly changed manually such
that the - and g-axes reference currents change within their
limits. To implement the inductance error, three different induc-
tors are used (0.5 ¢ om, Lo nom» and 1.5L 7 1), while the con-
troller always assumes L -

5.1 | System with inductance error

To evaluate transient behaviour of the grid-connected PV sys-
tem, it is simulated for positive and negative step changes in d-
and g-axes reference currents and grid voltage. Figure 9 shows
its transient response. The system operates in steady-state with
W,ef =2 A, 1y, r = —2 A, and a randomly selected inductance
as L; = 0.5L¢,0,. Figure 9(a) shows the transient response
when 7, steps up to 2 A at 7 = 0.5 s and steps down to -
2 Aatr=0.1s Atz =0.5s the 4, overshoot is 2.11, 2.02
and 2.09 A, and the settling time is 0.14, 0.1 and 0.06 s with the
initial PI, improved PI, and IMC controllet, respectively. The
Z.t,q undershoot is 0.88, 1.4 and 1.82 A, and the settling time is
0.34, 0.19 and 0.06 s with the initial PI, improved PI, and IMC
controller, respectively. Figure 9(b) shows the transient response
when 7y, ; steps down to =2 Aat# = 0.5 s and stepsup to 2 A
at? = 0.1s. Atz = 0.5 s the /, ; undershoot is -2.27 A, -2.16 A,
and -2.42 A, and the settling time is 0.13, 0.07 and 0.06 s with
the initial PI, improved PI, and IMC controller, respectively.
The z't,q undershoot is 0.71, 1.35 and 1.84 A, and the settling
time is 0.13 s, 0.1 s, and 0.06 s with the initial PI, improved PI,

| — Initial PL, ----Improved PI, — IMC |

(8]

o
W
wn

ira (A)

%.2 F\ (b)

-4
5 0.5 1 1.5
2 w I
2 <
Z 2 frrwnn ; <2 (©
= | O— S
2 2
0.5 1 1.5 0.5 1 1.5
Time (s) Time (s)
FIGURE 9 Transient response of the grid-connected PV system using

initial PI, improved PI, and IMC controllers. (a) Step changes in g-axis current
reference value; (b) step changes in d-axis current reference value; (c) step
changes in grid voltage

and IMC controllet, respectively. The simulation results for the
step changes in 7y, and 7,
troller has a smaller rise time and settling time than the initial
PI controller. Also, the IMC controller has the smallest tise time

and settling time and it effectively decouples the d- and g-axes.

[ show that the improved PI con-

Figure 9(c) shows the transient response when the grid voltage
v, steps down to 0.95 pu at # = 0.5 s and steps up to 1 pu at
t = 0.1 s. It shows that the system with all three controllers has
robust performance during the grid voltage variation. The d-
and g-axes currents have lower oscillations in the system using
improved PI and IMC controllers compared with the system
using the initial PI controller.

Figure 10 shows the simulation results for Cases A-I, A-II,
and A-III discussed in Section 4. The maximum values of 7 ,
and 7, are shown. Since the studied variable in this paper is ter-

minal current ( ztz , th 2)» RA results are presented as 4 4 vs.

iy o For consistency, simulation and expetimental results are pre-
sented in similar trajectories. Figure 11 shows the simulation and
experimental results for the 4- and g-axis terminal currents. All
results in each case are within the overapproximated reachable
sets found for the respective cases in Section 4.1.

Table 2 shows the maximum transient current in each case.
As expected, the improved PI controller has a smaller transient
current than the initial PI controller, and the IMC controller has
the least transient current.

To compare the proposed improved PI controller and IMC
controller with a robust control method, the studied PV sys-
tem with the robust controller proposed in ref. [3] is simulated
in MATLAB/Simulink. The designed robust controller param-
eters are q; = 1010, @ = 101125 g, = 10195, g5 = 10°, and
95 = 95 = g7 = q3 = gs = 0. Figure 12 shows that the transient
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TABLE 2

Reachability analysis, simulation, and experimental result for the boundaries of the transient current

System with inductance error

System with Accurate Inductance

Initial PI Improved PI IMC Initial PI Improved PI IMC
Reachability analysis 6.9 A 6A 54 A 44 A 48 A 4.6 A
Simulation results 5A 4.6 A 45A 42 A 42 A 42A
Experimental results 54 A 51A 49 A 47A 47 A 47A
idmin= -4.65 A, I qma=4.5 A i quin= -4.35 A, T gna=4.36 A —— Simulation, Experimental
> > inas =5 A s =54 A
~ -~ 6| 6
<o <o (@)
3 = 4t 4
-5 -5 2+ 2+
0 5 10 15 20 0 15 20 = =
=0 ii’_ 0 (a)
= -4.55 A, i gma=.28 A g 4 A, iyt 2 A 3 3
5 5 2l A
: : 2 2
_ _ 4 4 b
< <
<o : 0 (b) ol ol
S S 6 4 2 0 2 4 6 6 4 2 0 2 4 6
=0 5 10 5 20 0 5 20 ira(A) ina (A)
s indmin=-4.36 A, ipqma=4.18 A ligunin= =425 A, Iy gna=4.15 A imax =4.6 A ipax =5.1 A
6 I 6k
<o ({1l ‘ <o © af af
3 ‘ 3 "l o |
-5 5 < <
0 5 10 15 20 0 5 10 15 2 <0r <of &
Time (s) Time (s) Tl Tl
: o , 4F 4t
FIGURE 10 Time-domain simulation results of the grid-connected PV
unit with inductance error using (a) initial PI controller; (b) improved PI or L or L
controller; (c) IMC controller 6 4 2 0 2 4 6 6 4 2 0 2 4 6
ira (A) ira (A)
inax =4.5 A inax =4.9 A
current bound is 5.33 A for the system with robust controller. or or
Considering Table 2, all three studied controllers have a tran- T T
sient current lower than the robust controller designed in [3]. oy oy
Also, the simulated robust controller has nine tuned parame- Sof Sof (©)
ters which makes the design procedure more complicated than T ol Tl
the improved PI controller (two parameters) and IMC controller al 4t
(one parameter). p ol
6 4 2 0 2 4 6 6 4 2 0 2 4 6
ira (A) ia (A)
5.2 | System with accurate inductance
FIGURE 11 Simulation and experimental results of the grid-connected

Figure 13 shows the simulation and experimental results for the
system without inductance error. The maximum transient cut-
rent in each case study is shown in Table 2. The experimental
current limits are higher than simulation results due to slight
mismatch in parameters and nonidealities in measurements.

6 | CONCLUSION

In this paper, the performance of a grid-connected PV unit
is analysed using reachability analysis (RA). The reference ter-
minal currents are uncertain-but-bounded inputs to the system

PV unit with inductance error using (a) initial PI controller; (b) improved PI
controller; (¢) IMC controller

and the filter inductance is considered to have an uncertain-but-
bounded error. RA is used to find the boundaty of the transient
terminal current in different case studies. This paper also pro-
poses a method, based on RA, to tune the PI controller parame-
ters. The results show that the improved PI- and internal model
control (IMC)-based controllers have lower transient current
boundary in both systems with and without inductance error.
Simulation and experimental case studies validate RA results.
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Jirama=5.09 A

Jivgma=4.2 A

0 5 10 15
Time (s)

10 15 20
Time (s)

FIGURE 12 Time-domain simulation results of the grid-connected PV

unit with inductance error using the robust controller designed in [3]

| —— Simulation, Experimental |
i =42 A i =47 A
6 I 6r
4t 4|
2} _rr
<o} Sof @)
= Nl B Ll
4t 4t
6 | ‘ ‘ ‘ ‘ . ‘ . -6 F ‘ ‘ ) ‘ ) ‘
6 4 2 0 2 4 6 -6 20 2 4 6
ira (A) ina (A)
e =4.2 A inax =47 A
6 6F
4t 4 |
—_ 2 ~ o
o} ot (b)
F Ll o 5l
4 | 4}
6} . ‘ . ‘ . ‘ . -6} ‘ ‘
6 4 2 0 2 4 6 -6 20 2 4 6
ia (A) i (A)
Imax =42 A imax =47 A
6 6f
4t 4t
2+ 2+
Sof Sof ©
= Ll < Sl
4 F -4+
S 6|
6 4 2 0 2 4 6 6 2 0 2 4 6
ia (A) ira (A)
FIGURE 13 Simulation and experimental results of the grid-connected

PV unit with accurate inductance using (a) initial PI controller; (b) improved PI

controller; (¢) IMC controller
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