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symmetrical pole placement method for current control of
interleaved buck converter-based PV emulator

Cagfer Yanarates ® | Zhongfu Zhou

Electrical and Electronic Engineering

Department, Swansea University, Abstract
Swansea, UK In this study, the interleaved buck converter-based photovoltaic (PV) emulator
current control is presented. A proportional-resonant-proportional (PR-P) con-
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in the presence of parameter uncertainties. The resonant path of the controller
(PR) with a constant proportional unity gain is designed considering the changing
dynamics of a notch filter by pole placement method (adding mutually comple-
mentary poles to the notch transfer function) at PWM switching frequency. The
proportional gain path (P) of the controller is used to determine the compatibility
of the controller with parameter uncertainty of the phases and designed by utiliz-
ing loop-shaping method. The proposed controller shows superior performance
in terms of 10 times faster-converging transient response, zero steady-state error
with significant reduction in current ripple. Equal load sharing that constitutes
the primary concern in multiphase converters is achieved with the proposed con-
troller. Implementing of robust control theory involving comprehensive time and
frequency domain analysis reveals 13% improvement in the robust stability mar-
gin and 12-degree bigger phase toleration with the PR-P controller. In addition
to these, the proposed unconventional design process of the controller reduces
the computational complexity and provides cost-effectiveness and simple imple-
mentation. Moreover, implementing of auxiliary resistor-capacitor (RC) circuits
parallel with the inductors to sense the current in each phase removes the need
for current measurement sensors that contribute to overall cost of the system.
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1 | INTRODUCTION
Depletion of fossil fuels and consequential environmental
losses of anthropogenic disturbances prognosticate that
power generation from renewable energy sources will be-
come more of an issue in future.'

Many research studies conducted on sustainable en-
ergy have shown that solar power with its almost zero
detrimental effect on the environment uncontrovertibly
is one of the prominent renewable energy sources.”™ In
addition to its slightest impact on the environment, solar
power is the most abundant and inexhaustible source of
energy.”'’ Photovoltaic (PV) panels for solar energy gen-
eration have wide range of applications from residential
districts to large-scale solar power plants."' Another pri-
mary advantage of PV system is that extensive mainte-
nance is not required after installation process.'*"

PV systems basically consist of PV arrays and power
electronic converters.'* These converters constitute the
most essential components of the PV systems due to
their use of capturing the maximum power generation
from PV arrays and subsequently feeding the generated
power into the grid."” In this regard, the development
of high-efficiency power electronic converters and high-
performance maximum power point tracking (MPPT)
algorithms are imperative.'®'” Implemented MPPT algo-
rithms and power electronics converters have to ensure
the maximum possible power generation despite the vari-
ation of temperature, irradiance, and nonlinear behaviors
of solar cells.'®"

Testing the performance of the MPPT algorithms and
the power electronic converters with real installed solar
panels is a considerable challenge because of the con-
straints such as need for wide surrounding space, high
installation cost, and the lack of control over the envi-
ronmental conditions.>*° Under such constraints, the use
of PVEs is the most cost-effective solution to test MPPT
algorithms and power electronics converters.”*> The use
of cost-effective emulators provides a clear incentive for
global enterprise and scientific development.”! For the
ideal PVE, there are specific requirements, which in-
clude a proper emulation of nonlinear I-V and P-V char-
acteristics of a PV panel, which function under varying
atmospheric conditions (temperature and irradiance).'®
The emulator must be able to integrate Power Electronics
Converter interfaces for testing.”” It must also be able to
function appropriately under frequent load changes.'®
Contemporary scientific enquiry has found that emulated
I-V and P-V curves produce similar results to real PV panel
outcomes (in terms of the datasheet).”? However, advan-
tages and disadvantages have been identified in terms
of performance criteria, such as implementation costs;

efficiency; accuracy; the level of complexity; sensitivity
to variable environmental conditions; and frequent load
changes.>'**

In this study, interleaved buck converter-based PVE
current control is presented. Compared to single-phase
buck regulator based PVE, interleaved buck converter-
based PVE offer several advantages such as reduction
in both input and output capacitance, improvement in
thermal performance and efficiency, and enhancement
in overshoot and undershoot during load transients.***
While interleaved buck converter-based PVE provides
many benefits, implementing of additional phases pose
challenges, for instance, phase management, complexity,
increase in the cost of components, and printed-circuit
board (PCB) area.”® The phase management is the most
significant major challenge in multiphase converter
applications.”” Achieving the highest potential perfor-
mance is required to balance current evenly between
active phases to avoid thermal stress in each phase and
ensure optimal ripple cancelation.”** Moreover, addi-
tion and removing of each phase quickly during tran-
sients matters a great deal for minimizing excursions
on the output voltage. Considering all these reasons,
yielding optimum efficiency from the multiphase buck
converter-based PVE leads to the necessity to develop
more sophisticated control strategies. The comparative
analysis of the most common developed control tech-
niques for multiphase converter applications in terms
of their features, advantages, and limitations is given in
Table 1.

The paper proposes a novel and unprecedented
Proportional-Resonant-Proportional (PR-P) controller
designed by symmetrical poles placement method to-
gether with use of robust control theory for the current
control of interleaved buck converter-based PVE. The
proposed controller shows superior performance in terms
of fast-converging transient response, zero steady-state
error, significant reduction in current ripple, and prop-
erly functioning with parameters uncertainty (highly
robust) that constitutes primary concern in multiphase
converters’ load sharing. For the purpose of verification
and validation of the designed controller, a comparative
analysis with a PI controller is also presented to illustrate
the efficiency of the proposed control scheme. In addition
to improved dynamics of the control process, unconven-
tional design process of the controller reduces the com-
putational complexity and provides cost-effectiveness
and simple implementation. Moreover, implementing of
auxiliary Resistor-Capacitor (RC) circuits parallel with the
inductors to sense the current in each phase removes the
need for current measurement sensors that contribute to
overall cost of the system.
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2 | PROPOSED PR-P
CONTROLLER DESIGN

The proposed PR-P controller consists of two parts: one
part is Proportional-Resonant (PR), which constitutes
resonant path of the controller with a constant propor-
tional unity gain, and the other part is proportional gain
(P), which is used to determine the compatibility of the
controller with parameters of the plant in question to ac-
complish optimum efficiency.® Figure 1 shows circuit
diagram of PR-P current control of interleaved buck con-
verter (two buck converters connected in parallel)-based
PVE. Control scheme of the overall system consists of two
PR-P controllers for current control in each phase and
one PI controller to ensure the current balance (equal
load sharing) between phases, mathematical model of
the emulated PV panel for the generation of the reference
current under varying temperature and irradiance values.
Determining the phase currents is done by utilizing the
parasitic DC resistances of the inductors by integration of
auxiliary Resistor-Capacitor (RC) circuits parallel to the
inductors in each phase.

Phase 1

The PR component of the controller is designed by con-
sidering the changing dynamics of a notch filter with the
addition of mutually complementary poles to the notch
transfer function whose resonant frequency is PWM
switching frequency of the buck converter.

Transfer function of the ideal PR controller is repre-
sented by:

Gpr (8) =Kp + Klz—wz (1)
r

where Kp, K;, and w, are proportional gain, integral gain,
and resonant frequency, respectively. Frequency response
of the ideal transfer function of the PR controller indicates
formation of a phase shift and an infinite gain. The attained
infinite gain leads to zero steady-state error and occurs
only at the resonant frequency (a)r) Setting the resonant
frequency at any specified value enables to track periodic
signals efficiently and error-free. However, practical ap-
plications of the ideal PR controller reveal stability issues
resulting from the infinite gain generation at the resonant
frequency.” Resolution of stability problem is managed with
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FIGURE 1 PR-P current control of interleaved buck converter
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implementing of a non-ideal PR controller. The non-ideal
PR controller is derived by introducing damping to the ideal
transfer function.’>*® The non-ideal PR controller transfer
function with addition of the bandwidth (w.) around the ac
resonant frequency (w,) is represented by:

20,8

Gpr(8) =Kp+ Kj————
PR () P Isz+2a)cs+wf

()

While the ideal PR controller generates an infinite gain
at the resonant frequency w,, the non-ideal PR controller's
gain is finite that still measures up the sufficient magni-
tude for sorting out the steady-state error with almost zero
outcome.> General representation of magnitude response
of a notch filter and a PR controller in decibels (dB) ver-
sus frequency is given in Figure 2. Resonant path of the
proportional resonant (PR) controller is a notch filter that
can be described with three basic identifications as depth
of the notch, resonant frequency, and width of the notch.
The PR path of the proposed PR-P controller in the study
is designed based on altering the notch filter dynamics
and subsequently taking the reciprocal of the generated
notch filter transfer function at the switching frequency of
the buck converter. The proposed notch filter design pro-
cess containing applied parameters and their functions is
given in Figure 3.

The effects of variations in the damping ratio () and
the parameter k on frequency response of the notch char-
acterized by magnitude and phase responses are given in
Figure 4. The parameter k is set to adjust the width of the
notch, the damping ratio () is set to adjust the depth of
the notch, and the natural frequency (w,) is set to adjust
the location of the notch that refers to resonant frequency
for the PR path of the proposed PR-P controller.

The variable k will be defined as the ratio of each pole
located on both sides of the natural frequency that deter-
mines cutoff frequencies of the complementary poles. The
parameter k can be adjusted according to the requirement.
The larger value of k corresponds with a wider notch, and
vice versa.

An unrealizable transfer function G (s) that is lightly
damped (¢ =0.0001) pair of zeros centered at the PWM
switching frequency of the buck converter (o, = 10kHz)
that corresponds to the resonant frequency of the PR and
the k (k = 2) for the application is given by:

s% 4+ 28w,s + cof1

2
®n

G(s) = (3)

First pole s, with a cutoff frequency k time larger than
the natural frequency is given by:
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ko,
s+ ko, )

51

Second pole s, with a cutoff frequency k time smaller
than the natural frequency is given by:

5= — - (5)

Addition of both poles s; and s, to the transfer function
G (s) results in a formation of a second-order band-stop fil-
ter whose transfer function G, ,;y, (5) is given by:

2 2 Pn
5+ 2¢w,s + ko e
Grotch (8) =G () -1 -5, = L. .
notc! 1°°2 wi s+ka)n S+%
(6)

Figure 5A shows the frequency response of the physi-
cally unrealizable transfer function of which order of nu-
merator is greater than denominator given in Equation (3).
There is a gain rising at 40 dB/decade since there are two
unanswered zeros, and thus, the high-frequency signals
are to pass through altered. Figure 5B shows that the addi-
tion of a pole with a cutoff frequency that is k times larger
than the natural frequency dragged the high-frequency
magnitude down by 20 dB/decade. Figure 5C shows that
addition of a complementary pole with a cutoff frequency
that is k times smaller than the natural frequency bended
down the high-frequency magnitude by 20 dB/decade to
the zero dB.

The transfer function of PR path of the proposed PR-P
controller Gpy, (s) is the reciprocal of the notch filter trans-
fer function G, .y, (5) is presented as:

2

@ = m L @b stkey S
PRI = Ghotch (5) € (8) -8, -8, - s2 4+ 28w,s + COIZ1 kcon %
(7)
3.948e09s% + 6.201e14s + 1.559e19
Gpr (8) = (8)

3.948e09s2 + 4.961e10s + 1.559¢19

Addition of the proportional gain Kp, to the PR path
puts the proposed controller into final form as:

3.987ells? + 6.251el4s + 1.574€21
3.948e09s2 + 4.961e10s + 1.559e19

©)

Gpgrp (8) =Kp, + Gpr (5) =

The magnitude and phase responses of the designed
PR-P controller are given in Figure 6. The highest gain
of the designed PR-P controller is 82 dB, and it occurs
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at the PWM switching frequency of the buck converter
(w, = 10kHz). The phase response shows that the phase
shift is zero for low and high frequencies.

Figure 7 shows the unity feedback control structure
of the interleaved buck converter PVE with the proposed
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FIGURE 2 Notch filter and PR path of the PR-P controller
magnitude response in general form

PR-P controller in s-domain from feedback error (e) to
control input (u) to the plant.***

Continuous transfer function mode of a controller rep-
resents the function of each parameter used in the design
of the controller. Figure 8 shows the unity feedback con-
trol structure of the proposed PR-P controller in contin-
uous transfer function mode from feedback error (e) to
control input (u) to the plant.***

2.1 | Current sensing with auxiliary
RC circuit

One of the problems in multiphase converter topolo-
gies is the possibility of imbalance between phase cur-
rents.?* If the currents are not in balance, there will not
be good cancelation in ripple currents and the amount
of power loss in each phase will be different from
each other.’* To assure load balancing, current sens-
ing and feedback are required. In this study, auxiliary
RC circuit connected parallel to the inductors in each

s
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phase is used for measuring the currents. Accordingly,
Figure 9 shows the current sensing part of the phase-1
circuit.

The idea behind this method is utilizing the par-
asitic resistance of wires of the inductor. There is a
voltage drop on the inner parasitic resistance R; of the
inductor and current I;; flowing through the inductor is

+
A

>

FIGURE 8 Unity feedback of PR-P controller in continuous
transfer function mode

measured based on this voltage drop. There is no access
to R;, so the measurement is carried out outside with
the implementation of RC auxiliary circuit. The voltage
Vs, across the capacitor Cy, is proportional to the R;, and
therefore, it is also proportional to the I;;. Considering
the DC situation, voltage drop of the inductor due to
its inductance is zero. DC voltage on the parasitic resis-
tance is the DC current times the resistance and accord-
ingly Vg, can be written as:

Vsiioe) = IniooyRa (10)

where Vgpey and Ijype are DC  voltage and
DC current, respectively. Considering the AC
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situation (high-frequency components-ripple) with
the assumption that most of the current flow through
the inductor since impedance of the inductor is much
lower than the auxiliary RC circuit (very large resis-
tance), voltage drop on the parasitic resistance is pro-
portional to the inductor current. Therefore, V¢, can be
written as:

1

s

s1+ sCg;

Vsiao) = Iriac) (Rl + SLI)

where Vi ac) Inyacy (Ry+5Ly) and (1/sCg)/(Rg; +1/5Cs; )
are AC voltage, AC current, Laplace presentation of im-
pedance of the inductor branch and RC circuit as a volt-
age divider, respectively. Working the Equation (11) out
yields:

1432
1
Vsiac) = IniaoRa T+ sCoRe 5Cy Ry, (12)
. vSl
l—>|
|
] Il
Rs: ——(I:il—— I:
—AAA—
Vow | 55t—Ann Vou
— —
||_1 L1 L Rl J Iout
V
R cout — é RLoad

FIGURE 9 Lossless current sensing by using auxiliary RC
circuit in parallel with the inductor

If the time constant of the inductor (L; /R;) and the RC
circuit time constant (Cg; Rg;) are made equal, the voltage
across the capacitor is AC current times the parasitic resis-
tance and it can be written as

Vsiao) = Iniacka (13)

The Equations (10) and (13) show that the voltage
across the capacitor is representing the current flowing
through the inductor in both DC and AC situations. Given
the inductance value L; = 7.8108e - 04 H, winding resis-
tance value R, = 0.5, and arbitrarily selecting a value for
Cq; = 1.0414e - 05, calculation the value of R is carried
out by setting the time constants of inductor (L, /R;) and
capacitor (Cg; R, ) branches equal to each other as follows

L, 1

Rg = = x — =150Q (14)
Ry s1

The waveforms of actual current and sensed current
with amplifier gain of 2 for single-phase buck converter
are given in Figure 10.

3 | STATE-SPACE AVERAGE
MODELING OF SWITCH MODE
POWER SUPPLIES

Analysis of a plant requires developing a mathematical
input-output model that best approximates a system's
physical reality. A method of constructing a mathemati-
cal description of a system is referred to as system mod-
eling. A properly modeled system enables to predict plant
response and to observe its behaviors in both time and fre-
quency domains. Transfer function of a plant defines the
relation between the output and the input of the system
and provides a lot of information about the dynamics of

1000 W/m=7.35 A

800 W/m?=5.87 A

1000 W/m?=7.35 A

800 W/m?2=4.42 A

Current (A)

6 VY
A

N WA OO N O ©

1 00 05 3 15 > 55 3 Actual Current -
<103 —— Measured Current
0 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 FIGURE 10 RC circuit measured

Time (seconds)

current and actual current
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the plant. Furthermore, precisely derived transfer func-
tion of a system has great importance for an effective
controller design. Control systems are designed and im-
plemented to improve important dynamic properties of
the plant such as stability, speed of response, steady-state
error, oscillations which constitute the transient and the
steady-state responses of the system.”

Transfer function model of the intended buck converter
is derived by using dynamic (AC small signal) state-space
technique.”®’” This process includes taking the Laplace
Transform (with zero initial condition) of both the state
and output equations in the state-space model of the buck
converter.”® The most general state-space representation
of a system with p inputs, g outputs and n state variables
is given in Figure 11. In Figure 11, x(.), y (.), u(.), A(.)
, B(.), C(.), and D(.) are state vector with x (t) € R",
output vector with y (t) € RY, input (control) vector with
u(t) € RP, state (system) matrix with dim [A(.)] =n X n,
input matrix with dim [B(.)] = n X p, output matrix with
dim [C (.)] = q X n, and feedthrough (feedforward) matrix
withdim [D(.)] = g X p, respectively. The flowchart of the
state-space averaging technique is given in Figure 12.

State-space average method is one of the developed
techniques to obtain the transfer function of the plant
and analyze properties and behaviors of the switch mode
power supplies (SMPS).*>*® Providing a substantial insight
and its simplicity for both derivation and implementation
has made the method a very useful and convenient tool
in the applications of power electronics devices.”*® The
outline of the modeling is summarized in Figure 12. There

X = Ax+ Bu

y=Cx+ Du

System described by
state variables {x;,X;...}

x(t)l

Input

u(t)

State
Variables

FIGURE 11 The general state-space representation

are two states determined according to ON-and-OFF the
transistor in the circuit, so SMPS circuit analysis consists
of two topologies. Description of operating range (inter-
vals) for each state has been made by commonly used con-
versions and notations as the following:

d =dutyratio
d=1-d

T, =switching period

15)

A linear-time-invariant (LTT) system model in the tate-
space form can be represented as®:

X =Ax+Bu

16
y =Cx+Du (16)

Each state of the SMPS can be described as a set of
linear-time-invariant differential equations. The state and
output equation for the ON-state during the interval of d T
is:

17
»n=Cx (a7

The state and output equation for the OFF-state during
the interval of d’' T is:

18
V=0 (18)

The elements of the state vector x are inductor current
and capacitor voltage as inductor and capacitor are the only
energy storage components of the SMPS. To obtain a single
continuous state-space equation (single matrix differential
equation), Equations (17) and (18) must be combined in a
sense of averaging the system, input and output matrices to
resultin A, B, and C matrices. The averaging process purely
depends on the duty ratio (d) and it is executed as:

1 | Description of

Notations

d = duty ratio
d =1-d
Ty = switching period

A Perturbation
d=D+d
x=X+x
y=Y+y
FIGURE 12
averaging method

Flowchart of state-space Vin = Vin + O

2 | ON and OFF 3 | Basic Averaged
States | Model
:: Interval dT; ::) X = Ax + By,
X =A;x + By,
, A=dA, +d'A,
Ir'1terval d'Ts B=dB, +dB,
X = Ayx + Byv;y,
5 | Steady-state 6 | Dynamic (AC
DC Model small signal)
Model
= AX + BV, =0 =
X = —4-1BV,, % = AR+ B0y, +
[(Ay = A)X + (B, — Bp)Vinld
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LB xJ‘x=C‘—y>

A

A

FIGURE 13 Linear system state-space vector diagram

A=dA,+d'A,
B=dB, +d'B, (19)
C = dCl + d, C2

The vector block diagram for a linear-time-invariant
system in terms of state-space dynamics is given in
Figure 13, and the average state-space equation of the sys-
tem is given in Equation (20).

Xx=Ax+Bv;, (20)
y=Cx

The Equation (20) describes the averaged behavior of
the SMPS, and it basically removes ripples of the inductor
current and capacitor voltage that are the inherent prop-
erty of the state variables. One of the significant points to
note here is that the system matrix A and the input matrix
B may be duty ratio dependent, which leads to the conclu-
sion that the averaged equation may be nonlinear regard-
ing the duty ratio (d). The purpose of using state-space
model of the SMPS is to generate an equivalent circuit
model and carrying out the analysis of the system around
a linearization point by perturbing the averaged equation
about this operation point. Small signal variation with the
steady-state values is represented as:

d=D+d
y=Y+y

Vin = Vin +Vin

The capitalized quantities in Equation (21) repre-
sent the steady-state values and the carets are small per-
turbations. The perturbation is performed by making
substitution Equation (21) into Equation (20), and the
expanding of the new state-space equation is obtained as
the following:

The equation of steady-state operating point when the
small signal perturbations are zero is:

0=AX +BV,,

Y=CX 23)

Discarding of the second-order small signal variation
terms in Equation (22) results in AC small signal (dy-
namic) model of the system as the following:

%= AR+ Bl + (A~ Az) X+ (B, - B,) Viy]

PN ~ (24)
y=Cx+(C;-C,) Xd
A, B, and C matrices in Equation (24) are:
A=DA,;+D'A,
B=DB,+D'B, (25)
C = DCl +D, C2

Setting V;, = 0 produces the response to the variation
of the duty factor and the Equation (24) transforms into
the following equation:

X=A%+[(A,—Ay) X+ (B, —B,) Vin] d

- 26
y=Cx+(C,-C,) Xd 20

The simplified representation of the state equation in
Equation (26) is:

X=AX+Fd 27)
Variation of state variables to the duty factor can be

easily solved by application of the Laplace Transform as
the following:

>

=[sI-A]"'F (28)

Q=

In Equation (28), notation I stands for the unit matrix
that is the same size of the system matrix A and [s] —A]™!
is the inverse of the matrix [sI — A].

Thus far, the state-space modeling of the DC-to-DC
switch mode power converters is represented in terms of
small-signal and low-frequency behavior by deriving an
equivalent linear circuit description comprising of averag-
ing, perturbation, and linearization process.

X+x=|(p+d) A +(1-D-0) 4, (x+%) + [(D+2) Bi+(1-D=3) By (Vin +9:n) 22)
Y+9= [<D+3) C,+ (1—D—a> CZ] (X +X)
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4 | EMULATED PV PANEL
PARAMETERS AND SPECIFICATIONS

Electric characteristics of a PV module are represented
graphically by using I-V and P-V characteristics curves.
These curves summarize the current-voltage and power-
voltage relationships at present conditions of irradiance and
temperature of a PV panel. Formation of the curves pertains
to PV module's parameters. The emulated PV module is
1Soltech 1STH-215-P with parameter given in Table 2.

Figure 14 shows I-V and P-V curves of the emulated PV
panel at 25°C and specified irradiances of 1000, 800, and
600 W/m?’.

The proposed interleaved buck converter-based
PVE and its control structure block diagram is given in
Figure 1. It takes an input voltage (V;.) of 48 V and con-
verts it into an output voltage of 29 V. The switching fre-
quency is 10 kHz. The minimum load resistance R, is
3.9465 Q (corresponds to the maximum load condition).
In the continuous conduction mode (CCM) operation of
the PVE, the maximum ripple allowed in the inductor is
20% of the average inductor current and the maximum
load. The maximum ripple in the capacitor is plus and
minus 2% of the average output voltage.

4.1 | Calculations the values of buck
converter-based PVE components

Buck converter is a switch topology that takes a DC input
voltage Vi, and transforms it to the DC output voltage
V,ut- The output voltage is always smaller than the input
voltage (V,,; < V;n)- In an asynchronous buck converter,
the lower switch is implemented by using a diode which
will automatically turn on when the upper switch imple-
mented by using a MOSFET or IGBT is turned off. Usually
an asynchronous buck converter is designed to operate in
CCM in which the operation range is selected in a way
that all times the inductor current is positive, which

TABLE 2 The emulated PV module (1Soltech 1STH-215-P)
parameters

Parameter Value
Maximum power (W) 231.15
Open circuit voltage Vi (V) 36.3
Voltage at maximum power point Vypp (V) 29
Temperature coefficient of V5 (% /°C) —0.36099
Cells per module (Ncell) 60
Short-circuit current Ig- (A) 7.84
Current at maximum power point Iy;pp (A) 7.35
Temperature coefficient of I;( % /°C) 0.102

pen Access,

ensures that the diode is in forward bias. If this condition
is not met the equations that describe the behavior of the
converter changes. The switched topology in CCM has
two different states shown in Figure 15. When the control
signal is high the controllable switch (S) turns on and con-
nects the input voltage to the LC circuit driving the induc-
tor current. This is maintained during a certain amount of
time called the on-time ¢,, after which the control signal
is changed to a low state which causese the controllable
switch to turn off and the current is driven throuhg the
diode. This is maintained during a certain amount of time
called off-time ¢.

The steady-state duty cycle of the plant is represented

by:

Vout (29)

The maximum average inductor current is represented
by:
V.
I — out 30
L,avg,max R ( )

min

The maximum average inductor ripple current is the
20% of the average current that is represented by:

AIL =0.2X IL,avg,max (31)

Inductance value L of the inductor is represented by:
Vin-D)D

L=
fswAIL

(32)

Capacitor AV or output voltage ripple AV, is the
+ 2% of the average output voltage is represented by:

AV = AV, = 0.04 X Vi, (33)

Capacitance value C of the capacitor is represented by:

V..1-D)D
_Vw(-D) G
8Lf2 AV

The calculated values of the PVE parameters and com-
ponents are given in Table 3.

4.2 | Deriving transfer function of the
buck converter-based PVE

Step-by-step transfer function derivation process of the
buck converter with its components which are input
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S L FIGURE 15 The switch topologies
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TABLE 3 Calculated values of the PVE parameters and

components

Parameters and components

Steady-state duty cycle (D)

Maximum average inductor current (A)

Maximum average inductor current ripple (A)

Inductor value (mH)
Output voltage ripple (V)
Capacitor value (uF)

voltage V;
resistance Rp,,q, inductor current

Value

0.6042
7.3483
1.4697
0.781
1.16
15.837

i, inductance L, output capacitance C,, load

iy, capacitor current

ic, inductor voltage V7, capacitor voltage V, steady-state

duty cycle D and small signal duty

cycle d is presented

with the following equations based on comprehensive

and systematic analysis of the averaging-perturbation-
linearization process of the SMPS explained in Section 3.

Taking Laplace transform of state and output equa-
tions with zero initial condition:

sX (s) =AX (s) +BU (s) (35)
Y (s) =CX (s) + DU (s)

Rewriting the state equation as:
sX (s) —AX (s) =BU (s) (36)

(sI-A)X (s) =BU (s)

By premultiplying (sI—A)™' to both sides of the
Equation (36) yields:
X (s)

= (sI-A)"'BU (s) (37)
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— By substituting Equation (37) into the output equation
= of the plant is resulted as:

[ ——
QA= © -1
— Y (s) = [CGI-A)"'B+D| U (s) (38)
+
[ —
|®] . . .
= Transfer function of the system is given by:
—
Y (s)
7= G(s) = =C(I-A)'B+D (39)
— i U(s)
TI=7|S ° -
A [
o -2 e o I AC small signal analysis of the converters consists of
‘T‘ e stss]s obtaining averaged state-space equation of the converters
< JL s and superimposing ac variation (perturbation) around the
< steady-state point. To find the steady-state operating point
X » = of the system, time derivative is set to zero in the state
% § % % equation as shown in Equation (23). Dynamic AC small
‘B & E g signal model is given as:
£ 2 2, a2
B £ 2 ~
2 I, %, EE g () =G6I-A)7" [(A; —Ay) X + (B, - B,) Viy] d(s) (40)
g = 5 <
[} Q [ . . .
g = & z i The state variables of the system are inductor current (i,
) and capacitor voltage (V) since the inductor and capacitor
are the only energy storage elements of the buck converter.
Accordingly, the state vector x of the buck converter is:
i
5 x= l L ] (41)
= - V.
(=} E] >U| - E C
‘s ° SUY el
’_\ | E: S TI=T|y
"5 ST A )
2V o4 g+ + ~ ”| 3 ol T o Analysis of the buck converter in CCM and deriving its
kS| = 3 27|C . . . .
g7 j ‘” B "U 'T' ‘T‘ averaged state-space equation is given in Table 4.
- o “ ; ~ _
“ g 5 Cgse oo < o ' The .state variable .Vector X at steadynstate opera
5 tion point from Equation (23) can be rewritten by con-
é sidering that all parasitic resistances are zero as the
S, following:
R -1
2 B 19 =
2 3 E} adj| 1 -1 )
g = N N . _— D CouPVin
g = | %l% 5 -1 Cout RroadCout T —ou” B
s 9 S DT I X=-A"BVj= - LiVin=] R
= g - _ Load
8 E Ny g | 1= 2 0 1 0 DV,
=~ = Q a
2158 S0, o oo Gl 11 ’
%j § \% :E'L'U f gé E :ll Dg e ‘i‘ m RLoadcout
S @w= 3oy I I
BV N T L 3 (42)
S S e gtz .o i3 < 23 o .
E Substituting Equation (42) and the averaged system
_§ and input matrices derived in Table 4 into Equation (40)
g results in:
= 3 .
S 2 3] 3 ~
2} ] L
< g .g jé % lﬁL ] Vin (CoutRLoadS+1)
ﬁ g % g E & =—= = outLRL?}dS +Ls +RLoad (43)
2 s ° 2 é d(s) d(s) inRLoad
= . z - C’outLRLoadS +LS+RLoad
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Duty ratio to the inductor current transfer function is
obtained from Equation (43) by substitution of the calcu-
lated components values for one phase of the intended
buck converter as:

1

s+ 1.6e4

addition to these objectives, maintaining load sharing in
balance, increase the robustness of the system despite pa-
rameter uncertainties, reduction in current and voltage
ripples are aimed in this paper. Performance assessment

i (s V; S+ 3 C
L® Vi, Lond 0w — (6.1455e4) -
d(s) L ¢4 s 1

RLoad Cout Lcout

5 | PROPORTIONAL-INTEGRAL
PWM ERROR COMPENSATOR DESIGN

The Proportional-Integral (PI) feedback compensator
structure is used in wide range of applications in control
systems. The main properties make extensive use of PI
controller are its simplicity in implementation, easy com-
prehension of its impacts on systems and high efficiency.
In this paper, PI controllers is designed as a PWM error
compensator to provide current balance between phases
of the interleaved buck converter. Moreover, robustness
of the system that is adversely affected with parameter un-
certainty is increased with the use of PI controller. The
unity feedback structure of the single-phase proposed
PVE system is given in Figure 16.

The closed-loop transfer function of inductor current
to the duty ratio for the unity feedback system with PI con-
trol is the following:

2 1 K
s*+s +21) +
VinKp < CRpoad Kp >

KpCRLoad

(44)

52 4+ 1600s + 8.0841e7

of the proposed PR-P control structure is done by using
comparative analysis evaluation method with widely used
PI control structure. Current feedback control structure of
the overall system is given in Figure 17.

When designing a controller for a system, open-loop
response is considered on a preferential basis to deter-
mine what needs to be improved for a desired response.
Figure 18 depicts the open-loop and uncontrolled closed-
loop step responses of derived transfer function of the PVE.

Figure 19 illustrates the closed-loop step response com-
parison plot of the derived transfer function of the PVE
controlled with the proposed PR-P and PI controllers.

Step response characteristics of the PVE in terms of
open-loop and closed-loop is given in Table 6. Time do-
main analysis of the system regarding transient and
steady-state characteristics indicates that enhanced per-
formance outcomes are achieved with the proposed PR-P
controller.

K

1

(45)

Gep () =

L 3 2( 1 KpVin) (l
3452 (o + 22 ) p5 (L4
CRyad L

K, and K; values are calculated as 0.21 and 709, re-
spectively, according to stability criteria of SMPS given in
Table 5.

6 | COMPARATIVE ANALYSIS OF
THE PROPOSED PR CONTROLLER

Common goals of control systems are obtaining fast rise
time, minimal overshoot, and zero steady-state error. In

KpVin
CL " CLRpgaq

+ Ki[‘jin ) + KiVin

A properly designed controller that is perfectly tuned
to the model may still be under the risk of reduced per-
formance on the real system. Straightforward approach to
overcome this problem is to add margin into the design.
Regarding this issue, a consistent system must be designed
in such a way to ensure that the stability is exceeded in
a certain amount instead of just meeting the desired per-
formance so any deviations on the system dynamics will
not affect the requirements. Classical gain and phase
margins analysis of a system at some critical frequency

Output

S-i—L iL(S)

SISO Feedback Loop

FIGURE 16 The unity feedback
control structure of the PVE
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TABLE 5 Switch mode power supply stability criteria

Parameters

Crossover (cutoff frequency)
Phase margin

Gain margin

The slope of the gain curve at the crossover frequency

Open Access,

Value

Between the range of 1/10th to 1/8th of switching frequency
Greater than 45°

Greater than 10 dB

~—20 db/decade

ey ]
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FIGURE 18 PVE step response (A) open-loop step response; (B) uncontrolled closed-loop step response

or frequencies is made for the purpose of designing a ro-
bust control. The amount of margin chosen for a system
depends on uncertainty between the model and the real
system. Classical gain and phase margin analysis of a sys-
tem is one of the assessment methods of its robustness but

does not give a complete view about the system robust-
ness since the effects of the gain and phase are assessed
individually. Therefore, combination of gain and phase
uncertainty needs to be considered. In respect to this,
disk margin analysis has to be performed in addition to
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individual assessment of the margins with classical ap-
proach. The PVE feedback loop with the proposed PR-P
controller and uncertain multiplicative factor F that has
the nominal value of 1 is given in Figure 20. The system
has infinite gain margin, 89.98° phase margin at the gain
crossover frequency of 6.2068e+06 rad/s, 25 us delay mar-
gin. Bandwidth of the system is 7.86e + 03 rad/s.

Due to the plant uncertainties and other sources of
variations, the loop gain and phase are exposed to fluctu-
ations. The general approaches to determine the amount
of uncertainty are either quantifying through experiments
or approximation based on gained insight about the sys-
tem after wide range of simulations. The gain and phase
uncertainty analysis in feedback loop will be performed

1.4

T FIGURE 19 PR-Pand PI controlled

G closed-loop step response of the PVE

1.2 AN

i

- »4 Improvement in the settling time |_

0.8 i
3 f-l‘—bl Improvement in the rise time
0.6 ’
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|
|
|
|
|
|
t
I
|
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TABLE 6 Time domain analysis of the overall system

0.8 1
%107

Closed-loop without Closed-loop PI Closed-loop
Step response characteristics Open-loop controller control PR-P control
Rise time 2.7203e-04 2.8250e-04 9.1876e-06 3.5257e-07
Settling time 4.1803e-04 1.1501e-04 7.2690e-05 6.2230e-07
Settling minimum 10.9681 0.8414 0.9030 0.9002
Settling maximum 12.2004 0.9518 1.2385 0.9992
Overshoot 0.31 3.0028 23.8460 5.8370e-04
Undershoot 0 0 0 0
Peak 12.2004 0.9518 1.2385 0.9992
Peak time 6.5048¢e-04 7.5723e-05 2.3304e-05 1.1058e-06
Proposed PR-P Controller Transfer
Current Function in s-domain )
feedback error . ________________________ Control input (S + )
Iref (e) ! » K () I/in CRLaad I
- i L2 ] L 1 1
¥ i Proportional Gain Path (P) + S+——
Lot Uncertain toIIIIIIIoIIoIIoIIoIIIIC zoadC CL
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1+
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PVE Transfer Function
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FIGURE 20 The PVE feedback loop with the proposed PR-P controller and multiplicative factor F
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FIGURE 21 Specified range of gain/
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FIGURE 22 Closed-loop step response of the PVE for the set of values F (A) with PR-P control; (B) with PI control

based on to the stability criteria given in Table 5. It is sup-
posed that the open-loop gain variation is 50% (increase or
decrease), and the phase variation is +45°. The set of val-
ues F that captures the uncertain gain/phase with relative
gain change in [0.0765, 1.5] and phase change of +45° is
given in Figure 21.

The Figure 21 shows that the gain can vary between
7% and 150% of its nominal value without of phase vari-
ation and the phase can vary by +45° without gain vari-
ation. In case of variation for both gain and phase, their
deviation remains inside the shaded region in the left. The
step response of incorporating of this uncertainty into the
closed-loop model is given in Figure 22.

The robust stability margin of the system that is full
range of simultaneous gain and phase variations tolerable
by the closed-loop system is obtained as.

The closed-loop step response indicates that the system
performs well and yields good robustness to specified gain
and phase variations. The robust stability margin of the
PR-P controlled system is 100% that means feedback loop
can withstand 100% of the specified uncertainty generated

by F. Figure 23A shows that 100% uncertainty specified
in F therefore in the open loop system amounts the gain
variation between 0.6% and 150% of the nominal value,
and phase variation of +49°. The robust stability margin
of the PI controlled system is 87%, meaning that feedback
loop can withstand only 87% of the specified uncertainty.
Figure 23B indicates that 87% uncertainty specified in F
therefore in the open loop system amounts the gain vari-
ation between 24% and 140% of the nominal value, and
phase variation of +37°. The proposed PR-P and PI cur-
rent waveform control of single-phase PVE for varying
irradiance of 1000, 800, and 600 W/m? that correspond to
7.3483 A, 5.8656 A, and 4.4153 A, respectively, and volt-
age outputs for both control configurations are given in
Figure 24. The proposed PR-P controller structure for the
PVE reveals better performance than PI control in terms
of transient response and reduction in the current and
voltage ripples. While the system reaches steady state
in less than 1 millisecond for PI control, 10 times faster
convergence to steady state is attained with the proposed
PR-P controller.
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Values of multiplicative factor F

FIGURE 23 The gain/phase

variations tolerable (robust stability
margin) by the closed-loop system (A) PR-
P control; (B) PI control
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FIGURE 24 Output current and voltage waveforms of PR-P and PI controlled single-phase PVE

Figure 25 shows that phase currents are accurately
balanced for varying irradiance conditions for interleaved
buck converter-based PVE. Furthermore, the output cur-
rent ripples are reduced compared to single-phase buck
converter-based PVE given in Figure 24.

Figure 26 displays the performance of the PVE to
variations in the values of the inductance in each phase
at different irradiance values. In Figure 26A, the in-
ductance of each phase is halved and additionally 20%
inductance difference is applied between phases. In

Figure 26B, additional dissimilarity is implemented in
terms of DC parasitic resistance of the inductor. The
value of parasitic resistance is set to 2 and 2.4 Q (20%
variance) for phases. Parameter uncertainties and vari-
ations in component values are inevitable in dynamics
systems. The objective PVE system reveals good perfor-
mance with the proposed PR-P controller under param-
eter variations.

Figure 27 displays the PVE and the emulated PV
module I-V characteristics curves at different irradiance



YANARATES AND ZHOU Energy Science & Engineering 19
FIGURE 25 Output current 8 ‘*’ =
waveform of PR-P controlled interleaved 1000 W/m .—-I 1000 W/m?
buck converter-based PVE 7 L
/ 2
6 800 W/m
I
7.34
< 5[ 73 vy 2
= 7.32f 1 600 W/m
: O D O-4
e 4 U or 'rl
—
3
3 )__.
2 3.5 -
3
1 %‘I.‘l Or lGWZ G.IIUU\'}“Q
I Phasel Phase2 Output Currcnt]
0 1 1 1 1 1 1 1
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Time (seconds)
(A s (B) s
Iz 1000 W/m? | 1000 W/m?
7 :ti_:ums A 7[ |
800 W/m? 800 W/m?
6 6
7 5.8656 A
olf ra
55 .5
< 600 W/m? < | s l 600 W/m?
- 2 486 810 4.4153 A -— 5 10
5 4 10 § 4 <10
5 5
] (]
3 L 3 L
¢ Ay g'g 1
2 35 2 32 L
4 \ s cace 28 !‘W“'ﬂ
1 0.1 0.10002 1 A
| Phasel Phase2 Output Curreml I_ Phasel Phase2 Output Currenll
0 1 1 1 1 1 O
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3

Time (seconds)

Time (seconds)

FIGURE 26 Output current waveforms under variations of inductance and DC parasitic resistance (A) L, = (7.8108e-04) X 50% H,
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values. The proposed PR-P controller interleaved buck
converter-based PVE system I-V curves correspond to
the parameters of the emulated PV module (1Soltech
1STH-215-P) given in Table 2 and I-V curves given in
Figure 14.

7 | CONCLUSION

This paper has presented interleaved buck converter-
based photovoltaic emulator current control with
proportional-resonant-proportional (PR-P) controller.

By considering the most commonly used controller
mappings for SMPS with their features, advantages,
and limitations, verification and validation of the de-
signed PR-P controller compared with the PI controller
have been presented to illustrate the proposed control-
ler scheme efficiency by using robust control theory.
Unlike the classical gain and phase margin analysis of
the system through which effects of the gain and phase
are worked individually for the assessment of its ro-
bustness, combination of gain and phase uncertainty
has been considered in the paper. In respect to this,
disk margin analysis has been performed in addition
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to straightforward classical approach (individual gain
and phase margins assessment) to overcome the main
issues in control systems designing such as complex
dynamics, uncertainty, intentional simplicity, sto-
chastic events, and process variations. The stability
of a closed-loop system against gain or phase fluctua-
tions in the open-loop response has been measured by
disk margins. The implementation has been carried
out by adding multiplicative uncertainty factor F with
the nominal value of 1 to the buck converter-based
PVE feedback loop. Since the disk margin is a met-
ric that indicates how much uncertainty the loop can
withstand before becoming unstable, 50% (increase
or decrease) open-loop gain and +45° phase variation
has been added into the system by setting the values
of F. The results have revealed that 13% improvement
in the robust stability margin and 12° bigger phase tol-
eration with the PR-P controller have been achieved.
Additionally, the proposed controller has shown
superior performance in terms of 10 times faster-
converging transient response, zero steady-state error,
significant reduction in current ripple and properly
functioning with parameters uncertainty (highly ro-
bust) that constitutes primary concern in multiphase
converters’ load sharing. Moreover, unconventional
design process of the controller reduces the compu-
tational complexity, provides cost-effectiveness and
simple implementation. Output voltage and current
waveforms produced by the PVE at different irradi-
ance values reflects the I-V characteristics curves of
the emulated PV panel accurately.
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