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Abstract — In this paper the advantages of an enhanced
boost converter are utilized in a photovoltaic based
energy system, in order to improve the efficiency and the
output/input voltage gain. In addition, this circuit
topology allows lower input current ripple than
conventional single-switch DC/DC boost converters,
increasing photovoltaic energy vyield. The floating
interleaved boost converter was modeled, and a linear
feedback controller was discretized for use with an
embedded microcontroller. This controller consisted of a
decoupled dual loop control structure capable of
interacting with a maximum power point tracking
procedure. Two strategies for controlling the DC link
voltage were evaluated and compared in simulation.
Moreover, two maximum power point tracking
techniques were also implemented and compared; their
performances were evaluated by simulation as well as
demonstrated by an experimental set-up. The results
show that the addressed topology is very promising, with
potential benefits for solar power applications.

Keywords — DC-DC converters, Interleaved boost
converter, Maximum power tracking, Photovoltaic.

I. INTRODUCTION

Renewable energy based technologies, such as solar and
wind, are receiving increased interest for electricity
production because they are nonpolluting and do not derive
from finite resources. Solar photovoltaic (PV), in particular,
has found numerous applications, ranging from small, stand-
alone systems to utility-scale, grid-connected power plants
[1].[2]. At the end of 2015, grid-connected PV capacity in
the US reached almost 25.6 GW [3].

PV modules produce a low DC voltage, typically around
20-30 V [4]. However, a high input voltage is necessary for
efficient conversion to alternating current using a DC-AC
inverter. In general, series combination of several modules
reduces reliability; a failure of any one module in a series
string will result in the loss of the entire string, and total
string current will be dictated by the lowest performing
module in the string. In partial-shading situations, shading of
a single module will diminish the power output of the entire
string. Therefore, it is advantageous to combine modules in
parallel and use a DC-DC converter to increase the output
voltage to the required input of the DC-AC inverter. Many
other options to set up the PV module, DC-DC converter,

and inverter for PV applications are explored, each one
having its respective advantages and drawbacks [5].

The floating interleaved boost converter (FIBC) is being
treated as a highly efficient device among the family of DC-
DC converters. In the sub-family of FIBC, six phase (6P) and
4 phase (4P) FIBCs are found as most efficient where the
efficiency may go above 94% at rated condition [6]-[9].

A total of eight different DC-DC converter topologies
were analyzed in Table I. The PV was operating under
standard test conditions (STC), defined as an irradiance of
1,000 W/m? and temperature of 25°C. The output voltage
(Vour) was 400 Vpc and the output power was 5 kW. More
detail of this comparison can be found in [8]. All topologies
were non-isolated converter types. Isolated converters
require transformers which add to a converters cost,
complexity, size, and weight. Additionally, transformers add
to the total converter losses, contributing to lower overall
efficiency. Therefore, non-isolated converters are typically
used for PV power system applications [10].

Of the eight converters which were analyzed, only four
were at least 90% efficient under rated conditions: the boost
converter and the three different FIBC topologies. These
included the two phase (2P), four phase (4P), and six phase
(6P) FIBC. Of these three, the 6P FIBC had the highest
efficiency; however, it was only marginally higher than the
4P efficiency. FIBC topologies had the lowest input current
ripple among any of the topologies which were investigated.

Because the interleaved topology splits the current among
multiple inductors, the average current through each inductor
was much lower (column of Iy avg/linavg). The boost converter
had very high output current ripple, which would require a
large low pass filter. The FIBCs had much lower output
current ripple, and lower output voltage ripple, than the other
converter types. Because of the fact that they use multiple
switching devices, the FIBCs had much lower switching
stress and higher switch utilization than any other topology.
Thus, while they do require more switching devices, FIBCs
would be able to use less expensive switches with lower
voltage and current specifications, and these devices would
be subjected to lower stress. The FIBC has already been
proposed as a solution for fuel cell, electrical vehicle, and PV
applications due to its high voltage gain, high efficiency, and
low input-current ripple [9]. Laboratory prototypes have been
developed to demonstrate the operational principles of this
converter type [9].



TABLE |
Analysis Between Eight Non-lIsolated DC-DC Converters

Converter 1 R?lee FXE));ITe Rilp;?)le Rli(:)L;JTIe / ::_Na;/sg S?l\lests? ?IL?/?I) U'[Si}/;/zlztiiron
Boost 91.0% 9.5% 4.1% 74.8% 1,105.3% 1.0 37.156 0.13
Buck-Boost 86.0% 21.7% 4.6% 148.8% 4.6% 1.121 46.225 0.09
Cuk 84.8% 10.0% 2.4% 72.8% 2.4% 1.0 49.695 0.09
SEPIC 83.1% 9.7% 5.8% 75.2% 5.8% 1.0 50.863 0.08
Zeta 84.0% 27.7% 3.1% 176.4% 3.1% 1.0 48.157 0.09
2P FIBC 90.1% 6.4% 3.5% 47.3% 3.5% 0.561 12.023 0.39
4P FIBC 94.4% 1.5% 0.5% 11.5% 0.5% 0.282 6.728 0.73
6P FIBC 94.9% 0.6% 0.3% 4% 0.2% 0.187 5.009 0.99
The selection of FIBC solely depends on the application L2 g

type. If the input current ripple is not a major concern for a

particular application, a 4P FIBC is a good choice as the {TIVW

efficiency difference between 4P and 6P FIBCs are not that

prominent [8]. Therefore, in this paper, focus has been given + ! Q% % Q#KL}

in the modeling, control, analysis and evaluation of 4P FIBC,

targeting the DC-DC converter of PV system as a potential Vpy

application to extract maximum power from a PV array. Cin

A discrete, dual-loop, linear feedback controller is
developed for 4P FIBC to enhance its maximum Power Point
Tracking (MPPT) capability. Two different MPPT schemes,
i.e., Perturb and Observe, and Incremental Conductance are
considered to evaluate the performance of proposed
controllers under high and low solar irradiance conditions.
The proposed control techniques are experimentally
validated using a developed laboratory scale prototype using
commercially available and inexpensive embedded
microcontroller (dsPIC33FJ256GP710A). A comparative
study is carried out as well on MPPT performances and DC
link voltage control of FIBC.

This paper is an extended version of [11], emphasizing a
description of the state-of-the-art, analyzing operation under
high and low solar irradiance, and presenting further
experimental results.

Il. CONVERTER OPERATION AND ANALYSIS

The enhanced converter is made based on a four phase
floating interleaved topology. While there are other
possibilities reported in the literature [12],[13]. Fig. 1 depicts
the circuit that was selected because it allows for lower
device ratings, and staggered switching of the phases reduces
input current ripple. Therefore, such a topology is very cost
effective for PV and fuel cell applications [14].

First, it is assumed that in each switching period the
average voltage across the inductors and the average current
through the capacitors are null. In addition, in steady state the
average current is assumed to be identical through each
inductor, and the average voltage is equal across both
capacitors. Then, the output/input voltage ratio (voltage gain)
can be easily found by analyzing one of the passive elements
that transfers energy from input to output. Choosing the
inductor L; operating in continuous conduction mode, the
following equation can be defined:

Vpy U+ (1= U)- (1)

1
Vpy — 3 (Vpe + VPV)] =0
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Fig. 1. Circuit schematic of 4P FIBC.

where U is the duty cycle of the four switches.
From this, the 4P FIBC static characteristic [H(u)] can be
written as:

Voc 14U

= - 2

H() = Vor “1=0 2
This reveals one of the implicit advantages of the FIBC as

compared to a conventional single-switch boost converter,

whose static characteristic is:

H@):T%E 3)

The (1+U) expression in the numerator of the static
transfer function for the 4P FIBC allows it to produce a
higher output voltage for the same duty cycle than a
conventional single-switch boost converter.

The FIBC is a nonlinear system, although it is reasonable
to consider the average values of the switched quantities, due
to the huge difference between the switching frequency and
the inner current control loop crossover frequency. The duty
cycles of the four switches are expressed as “u,”, where
n=1,2,3, or 4.

To design the converter’s control loops (current and
voltage), the transfer functions between the inductor current
(iL) and duty cycle (u) and between the DC link voltage (v1,2)
and duty cycle are required. Note that under normal,
balanced operation, the four duty cycles would all be equal
(U=u1=U2=U3=Ua).

Based on Fig. 1 and Kirchhoff’s voltage and current laws,
the desired transfer functions may be found, such that U’ is
the duty cycle complement (1-U) [14].
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I1. MAXIMUM POWER POINT TRACKING

Solar PV modules have a nonlinear voltage versus current
relationship. For part of their operational range, PV modules
are approximately current sources, while for the other portion
of their range they operate as voltage sources. The result of
this is that there exists one point along the voltage/current
curve for which the power produced by the PV device is at
its maximum.

Due to the relatively low conversion efficiency and high
cost of PV technology, extracting the maximum useful power
is an important design criterion for PV power systems.
Therefore, a number of techniques have been developed in
order to operate PV systems at their maximum power point
(MPP) [15],[16]. These techniques are known collectively as
MPPT. In this paper, two different conventional MPPT
techniques are presented. These were applied to the 4P FIBC.
The performance of the converter under different irradiance
and temperature conditions was quantified and compared.

Many different MPPT algorithms have been developed
and used. One of these, the Perturb and Observe (P&O)
method, works by inducing small changes in the operating
voltage or current of the PV module and determining
whether the power increases or decreases. If the induced
change increases the power output, the operating conditions
will be incremented in the same direction. If the power
decreases, the increments will be reversed. This method
suffers from a tendency to oscillate around the MPP, and can
be ineffective under rapidly changing atmospheric conditions
[17].

The Incremental Conductance (IC) method attempts
remedy these shortcomings [17]. It works based on the fact
that the derivative of the PV power with respect to its voltage
is zero at the MPP. This derivative can be expressed by:

dp  d(v) dl _ Al
Vo ar StV sty (6)
From this, it can be determined that:

AI/AV +1/V > 0 left of MPP @)
AI/AV +1/V < O right of MPP
Using these inequalities, the MPP can be achieved.
Additionally, the IC technique indicates both the direction
and distance of the operating condition from the MPP. A
modification to this technique uses a feedback control loop to
drive AI/AV + 1/V to zero [17]. The main disadvantage for
the IC algorithm is that it requires greater computational
resources when using an embedded controller due to the
multiple division operations involved.

{ AI/AV +1/V =0 at MPP

IV. CONTROL DESIGN

The control scheme is illustrated in Fig. 2. A dual loop
controller was used. A faster, inner current control loop
integrated the MPPT functions. An outer voltage control loop
maintained the desired DC link voltage. The controllers were
designed for the 4P FIBC using the classical phase margin —
crossover frequency design method. Proportional-integral
(PI) controllers were used for the current and voltage control.
The controller gains were defined by the crossover frequency
(f) and phase margin (PM), such that the infinite gain was
related to zero steady-state error, and the crossover frequency
was related to the settling time of the compensated system.

A continuous-time controller was developed first. This
controller was then discretized in order to be implemented
using a digital microcontroller.

A. Continuous-Time Controller
The continuous-time controller used two outer voltage
control loops that independently regulated the two output
capacitor voltages to achieve the desired output level. This
used the fact that the output DC link voltage of the FIBC is
the series combination of the two capacitors voltage, minus
the input (PV) voltage, or:
Voe =Va+ Vo =Vpy (8)
The reference value “*” for the two capacitors is
expressed as a function of the desired output voltage and
input voltage by:
Vig" = (Vpc" = Vpy)/2 )
This approach differs from the dual loop controller used in
[18], where the outer loop controller regulates the total DC
link voltage. A similar strategy is used in [9], where both

\A 2* €v1 * €i1 m;

ImpPT is

Fig. 2. Control block diagram for 4P FIBC.



output capacitor voltages were controlled independently. To
assure equal voltage across each capacitor and, prevent
instability, the voltage and current references are always the
same for all phases [9].

For this application, controlling the capacitors individually
was found to yield better performance, particularly in low
irradiance conditions. This is due to the voltage-current
characteristics of the PV module.

Past a certain point, increasing the duty cycle causes the
PV to enter its current source region, decreasing the input
voltage to the converter. The decreased input voltage leads to
decreased output voltage.

If only the output voltage is controlled, overshoot in the
controller will cause the voltage to cross the knee point of the
curve and decrease. The controller will attempt to
compensate by increasing the duty cycle, which will cause
the output to go even lower, until the controller eventually
saturates. In contrast, by controlling the capacitor voltages,
the reference is dependent on the magnitude of the input
voltage, as shown in (15). Therefore, the input voltage acts as
a feed-forward term, making the controller more robust and
allowing faster crossover frequency. The benefits of this
strategy are most apparent in low irradiance conditions,
where the knee point of the voltage curve occurs at a lower
value of input current.

The output from the voltage controllers [Cy(S)] then fed
four, independent, PI current controllers [Ci(s)] that regulated
the four inductor currents. An additional term from the
MPPT was added to this current reference. The outputs from
the current control loops were then used as the modulation
signals for four Pulse Width Modulation (PWM) controllers,
which provided the gate pulse signals for the four MOSFET
switches independently. The PWM controllers used 20 kHz
switching frequency, with the four switching signals phase
shifted 90° apart, which results in reduced ripple in the input
current. Staggering the switching pulses by T/P (where T is
the switching period and P is the number of phases, in this
case four) minimizes input current ripple because the current
through each inductor is phase shifted an equal amount [14].
Of course different phase shift values could be chosen
considering other design criterion, such as: DC bus ripple
minimization
a) Current control loop:

The inner current control loop was designed first. It was
used classical frequency method considering that f. and PM
were defined as 1.5 kHz and 75°. The Bode diagram of the
open loop, uncompensated and compensated systems is
shown in Fig. 3(a), i.e., f: = 1.5 kHz and PM = 75°.

(0.01s + 25) (10)

Ci(s) = 3

b) Voltage control loop:

After the current controller, the voltage control loop was
designed, which depended on the inner current control loop.
The desirable f; and PM were designed to be 5 Hz and 85°.
This low f; was necessary to prevent ripple in the voltage of
the output capacitors from inducing steady state oscillation in
the inductor current reference value. The Bode diagram of
the open loop, uncompensated and compensated systems is
shown in Fig. 3(b).

rrrrrrrrrr

(b) voltage control loop

rrrrrrrrr

(a) current control loop

Fig. 3. Bode diagram of the open loop uncompensated and
compensated control loops of the FIBC control scheme.
0.04s + 7
C,(s) = 0.045+7) (11)

N

B. Discrete Controller

A discrete controller was developed using the previously
developed continuous-time controller. For the discrete
controller, the continuous-time PWM had to be replaced with
a digital PWM. The PI controllers were replaced with
discrete versions that used the Tustin approximation for the
integration.

In order to obtain a working controller while only
updating the state feedback values once per cycle, the
samples were synchronized. As the ripple in the inductor
currents corresponded to the switching frequency, the
average value occurred at the center of the switch on and off
periods. By timing the sample to occur during one of these
times, the average value of the state variable could be
obtained. This allowed the current control loops to function
without requiring low pass filtering to obtain the signal’s
average value [19]. The voltages, which were subject to
higher frequency ripple than the currents, were filtered
through a low pass filter with a 50 kHz cut-off frequency
prior to sampling. All feedback variables could be sampled
only once per switching cycle, thereby minimizing the
computational burden.

All calculations were performed using fixed point
arithmetic to minimize computational time requirements.
This entailed scaling the controller gain values. These were
scaled by a constant m/Kapc, where m was the maximum
value for the modulation index of the control loop (2%° in this
case for 16 bit signed integers) and Kapc was the gain
associated with the analog to digital conversion. The
controller output was then scaled according to the binary
counter. This was chosen to be 2,048, corresponding to a
period of 51.2 ps and, being a power of two, allowed the
scaling to be accomplished using register shifting, further
reducing the computational time. This reduced the switching
frequency from 20 kHz to 19.53 kHz.

V. SIMULATION RESULTS

Two MPPT methods, the P&O and IC techniques, were
implemented using the continuous-time controller: Their
performance was evaluated in response to step changes in
irradiance: 1) 1,000W/m? to 500W/m?, and 2) 500W/m? to
600W/m?. These two step changes were conducted at three
different temperatures: 1) 10°C, 2) 25°C, and 3) 40°C. Both
continuous-time and discrete controllers using the same
simulation scenarios were evaluated according to the total



energy delivered to a resistive load, and the input current and
voltage ripple.

The output of each MPPT algorithm was added to the
inductor current reference from the voltage control loops. An
increment/decrement interval (A) of 0.2 mA was used.

All the simulations were conducted using PSIM with a
fixed simulation time step of 0.5 ps. The input to the 4P
FIBC was a mathematical model of a PV array based on 26
Kyocera KC200GT PV modules in a 2 series/13 parallel
configuration. This PV module was selected because it has
been well characterized and accurate models have been
developed in [20].

The output was a resistive load; the magnitude of the load
resistance had to be varied in accordance with the power
produced by the PV array, so that a constant voltage could be
maintained under varying irradiance conditions. For the three
irradiance conditions—1,000, 600, and 500 W/m2—the
resistor values used were 27, 45 and 54 Q, respectively.

The step change in the PV power output in response to a
step decrease in irradiance from 1,000 W/m? to 500 W/m? for
the P&O method is shown in Fig. 4(a). The response for the
IC was nearly identical and has been omitted.

When used with the continuous-time controller, the P&O
and IC techniques had virtually indistinguishable
performance. Both delivered nearly identical amounts of
energy to the load, and both were able to operate with very
little ripple (< 1%).

Next, the P&O and IC algorithms were evaluated using
the discrete controller. One issue that was encountered was
that the voltage control loop tended to overshoot, driving the
inductor current reference too high, and causing the system
to saturate at the PV array’s short circuit current. This was
particularly evident under low solar irradiance conditions. To
compensate, the gain values for the voltage control loop were
reduced. A reset for the integral term was introduced; when
the PV voltage was detected to drop below a certain
threshold, e.g., 20 V, the integral term of the voltage control
loop was reset to zero.

To increase the convergence time while avoiding
overshoot, an adaptive MPPT method was developed. Rather
than a fixed A, it was scaled according to the output voltage
error. The A was set to equal 5-108-(V*oc-Voc). In this way,
the MPPT converged quickly but avoided overshoot.
Fig. 4(b) shows the PV power responses for a fixed versus a
variable A using the discrete IC controller with a step change
in irradiance from 1 to 0.5 kW/m? at 25° C. It shows that the
variable delta was able to converge much more quickly
following the change in irradiance. This technique, however,
is only valid when only the PV boost converter is controlling
the DC link voltage. If another device is regulating this
voltage (e.g., an inverter or other DC converter) then this
technique will no longer work, and a fixed A must be used.

The PV power for the discrete P&O and IC MPPT
controllers in response to a step change in irradiance from
1,000 W/m? to 500 W/m? at 25° C is plotted in Fig. 4(c). In
the discrete implementation, the P&O technique had more
observable ripple and tended to oscillate. The IC method, in
contrast, was much smoother and more stable.

The energy delivered to the load, in Joules (J), for the
analog and discrete versions of the two MPPT methods is

listed in Table Il. While in the analog mode, input current
ripple was very low, the discrete P&O and IC methods had
input current ripple values of 6.36% and 2.90%, respectively.
This increased ripple resulted in lower energy capture, as the
ripple causes the PV to deviate from its MPP. Overall, the
discrete P&O delivered on average 11.84% less energy than
the analog P&O. The discrete IC had much better
performance, yielding on average just 1.69% lower energy
capture than in the analog case.

VI. EXPERIMENTAL RESULTS

A hardware prototype was constructed with a Microchip
dsP1C33FJ256GP710A embedded microcontroller. The real-
time control includes: sampling analog feedback signals,
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Fig. 4. PV output power for a step change in irradiance from 1,000
to 500 W/m? at 25° C.

TABLE I
MPPT Simulation Energy Results and Comparison
T=10°C T=25°C T=40°C
Technique | Step | | Step? | Step | | Step 1 Step | | Step 1
Analog
P&O 4514 3,312 4,287 3,151 4,058 | 2,988
1C 4,514 3,312 4,287 3,151 4,056 2,988
Discrete
P&O 3,718 2,762 3,789 2,940 3,694 | 2,703
1C 4,358 3,159 4,250 3,132 4,013 3,001
Percentage Difference [%0]
P&O -17.63 -16.61 -11.62 -6.7 -8.97 -9.54
IC -3.46 -4.62 -0.86 -0.6 -1.06 +0.44




implementing the dual-loop linear feedback control
algorithms, performing MPPT, and providing the switching
signals to the MOSFETS.

Four LEM LAH-25 NP Hall effect current transducers
measured the inductor currents, while four LEM LV-20 P
voltage transducers monitored the input, output and capacitor
voltages. The outputs from the measurement devices were
passed through op-amp signal conditioning circuits which
scaled the outputs to match the analog measurement range of
the microcontroller, and provided active low pass filtering.

Selected device ratings and part numbers are given for key
components in Table Ill. A large inductance value (250 pH)
was chosen to maintain Continuous Conduction Mode
(CCM) under low power conditions, such as would occur
during low irradiance and/or partial shading. All control
algorithms function more effectively under CCM.

The prototype was built using a 16.75”x23.5” (42.5x59.7
cm) rack for a rack mount enclosure, see Fig. 5. This rack
served as the chassis and held all the bus work, inductors,
printed circuit board, heat sink, terminal blocks, etc. Testing
was performed under low power, low voltage conditions due
to limitations on source current and load dissipation
capability. The total cost for the prototype was $2,357. For
full commercial production, the total estimated system cost is
approximately $2,210, including manufacturing [8].

One issue that had to be resolved for the hardware
prototype was the multiple grounds. The negative of the DC
link was floating with respect to the input. Additionally, the
sources of Q3 and Q4 were also floating. Then, isolated 48 VV
to 12 V DC converter modules were used to provide 12 V
supplies for control and logic power that were referenced to
the various common points. Optocouplers provided signal
isolation between the microcontroller and the gate drivers.
However, the isolated DC converter modules produced a
great deal of electromagnetic interference, and had to be
replaced with external, linear power supplies.

TABLE I11
Selected Component Ratings and Part Numbers
Name Description Rating Part number
_ ) 330 pF
Cin Input capacitor 350 V/ LNT2V331MSEC
Output 1,000 pF
Cy, C, capacitors 250 \/ ECOS2EP102DX
D;-Dy4 Power diodes 50 A RHRG560
250 puH
Li-Ls Inductors 20 A N/A
MOSFET 650 V
QurQ switches 84 A STWBBNE5M5

AR POWER SUPPLIES t

Fig. 5. Hardware prototype with external linear power supplies,
loads and instrumentation.

The input source was a 900 W HP 6439B DC power
supply with a series impedance. A resistive load bank was
used for the output to vary the maximum power point drained
by the DC source. This setup used to confirm basic
functionality and proper control operation.

The current control loops were first validated. An external
voltage source was used to provide a current reference. The
current waveforms in Fig. 6 show two individual inductor
currents (I.1 and 1) and the input current waveform (lin)
under steady state conditions for a 3 A reference. Note that
electromagnetic interference (EMI) from the switching
transients can be observed, as well as the reduced input
current ripple advantage of the FIBC. The individual
inductor currents have the characteristic triangle waveform
of a conventional single-switch boost converter, the total
input current is much closer to a true DC, with ripple
calculated to be about 8.6%.

Fig. 7(a) shows the response for all four inductor currents
under several steps for a step change in reference from 2.5 to
4 A. Fig. 7(b) shows the zoom of three inductor currents
responding to the step change in reference (I*). These results
show that the inner, current control loop was able to quickly
and accurately respond to a step change in input with
minimal overshoot.
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The voltage control loop was tested using the same
experimental setup, with the load impedance increased. A
switched resistor allowed the load resistance to be varied
between 103 and 157 Q. An input voltage of 20 V was
increased to 140 V at the output (a voltage gain of seven).
The ability of the voltage control loop to maintain the 140 V
output under varying load conditions was investigated. Fig. 8
shows the output and the four inductor currents response.
From Fig. 8(a), at the moment when the output load was
decreased from 157 to 103 Q, the voltage sagged to 131.3 V
(6.2%); when the load returned to 157 Q the voltage rose to
15.4 V (8.9%). The transient for the load decrease was
approximately 76 ms, while when the load resumed the
transient lasted approximately 136 ms. These results show
that the voltage controller was able to effectively regulate the
output voltage of the 4P FIBC under a varying load. The
controller overshoot was acceptable—within 10%. While the
control response was somewhat slow, it was deemed
adequate for solar PV applications, which do not experience
extremely rapid changes in operating conditions.

As a PV input source was unavailable for testing, the
MPPT control capability was tested via Thevenin’s theorem
for maximum power transfer, which states that for a source
with a series impedance, the maximum power that can be
transferred to a series load is achieved when the load
impedance (Rv) is equal to the source impedance (Rs). The
4P FIBC reduces the load resistance as seen by the input
according to:

1-D)?

Ry = RLﬁ (12)
where D is duty cycle. In this case, the voltage across the
load should be equal half the source voltage. By placing a
resistor in series with the DC input power supply, the MPPT
varies the duty cycle such that the load resistance as seen by
the input was equal to the series source resistance.

155 -
E 145 4
(3]
j=))
8
S | 135 A
>
8

125 ‘ ‘

0.9 1.0 1.1 1.2 1.3 Time [s]

(a) Output voltage response, 50 mV/division, 50 ms/division.
WA BAOKE, BAYED D400 Tue Agx | 1.‘._

. fo ta bt it hi i=!|;ll: |. ill .H !; Vil s Ll by che =Eaimd
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Fig. 8. Transient response to step change in load from 157 Q to
103 Q and back.

The steady state input power results are compared for the
theoretical, constant voltage (CV), and IC MPPT algorithms
for three different values of source resistance (2, 3, and 4 Q)
in Table IV. These results show that both algorithms were
able to converge to operating points at or near the actual
maximum power for each value of source resistance. The IC
algorithm results were very close to the CV results for source
resistance of 3 Q and 4 Q, but diverged for 2 Q. This is
because the IC algorithm allowed the input voltage to rise for
low source impedance, causing it to deviate from the
maximum power. It is anticipated that for a PV input source,
which has higher input impedance, this will perform better.

Fig. 9(a) shows the input voltage and current response for
the CV and IC algorithms in response to a change in source
resistance from 3 Q to 2 Q. Note that the CV algorithm holds
the input voltage steady at 20 V (half the source voltage) and
only the current varies. This matches the expected
performance for this algorithm, and translates to the
maximum power under these particular operating conditions.
In contrast, for the IC algorithm, both input voltage and
current vary in response to the changing source resistance.
This resulted in lower power capture for the IC method as
compared to the CV, as plotted in Fig. 9(b).

The computational time requirements for the three
different control loops are: 5.6 ps for current loop, 38 s for
voltage loop and 40 ps for IC MPPT. Computational time
was measured by clearing a digital output during each
control function, and measuring the time the signal was low
using an oscilloscope. These demonstrate that, using the
optimized, fixed point calculations, computational time for
each function was minimized.

VII. CONCLUSION

Continuous-time and discrete linear feedback controllers
were developed for a 4P FIBC using Matlab/Simulink. After
being developed and validated, the converter was simulated
using PSIM. The discrete controller was simulated by means
of C code in PSIM using the built-in C code block.

A dual loop PI controller regulated both the inductor
currents and capacitor voltages of the 4P FIBC. Regulating
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Fig. 9. Responses for CV and IC MPPT algorithms in response to a
change in source resistance from 3 Q to 2 Q.

(b) Power responses.

TABLE IV
MPPT Input Power Comparison.

Source Input Power CV Input IC Input Percent
Resistance | (Calculated) Power Power Difference
4Q 100 W 99.4 W 98.1W 1.3%
3Q 1333 W 1328 W 1323 W 0.4%
2Q 200 W 203.8 W 1829 W 10.3%




the two capacitors individually was found to provide better
performance under low irradiance conditions.

Two MPPT algorithms were examined in simulation using
the analog and discrete controllers. The performance of the
analog P&O and IC algorithms was found to be nearly
identical. Both the P&O and IC delivered less energy when
discretized, and suffered from increased ripple and longer
convergence times. Overall, the discrete IC performed better
than the discrete P&0O method.

The MPPT capability was tested in hardware using a DC
input source with a series resistance. Two different MPPT
methods were compared, the CV and the IC methods. Both
methods were able to converge at or near the maximum
power point, but the IC method converged to a point roughly
10% below the theoretical maximum power for low source
resistance. Future testing with a real or simulated PV input is
required to further evaluate this controller.

The results show that the addressed topology is very
promising, with potential benefits for solar power
applications, offering increased voltage gain with lower input
ripple, compared to other non-isolated DC-DC converters,
which enhances PV energy yield. It is also promising and
possibly for battery based storage integration with the utility
grid, which may improve the life-time of batteries.
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