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ABSTRACT. This paper presents semi-adaptive proportional-integral (PI) gain schedul-
ing methods used to control the 220V direct current (DC) output voltage of a DC-DC
converter. The constant output voltage is useful for the input voltage of an AC-DC' in-
verter utilized in a micro-scale photovoltaic (PV) power systems, also for DC' integration
with a rectified existing AC grid. The PI control gains are scheduled based on two ap-
proaches, namely interpolated and look-up table methods. The control gains are obtained
from offline explorations of the best PI gains for some load conditions and input voltage
domains, where mazimum peak overshoot and average absolute voltage error are used as
the criteria to select them. These selected gains are then used to construct an interpo-
lation function and a look-up table. During runtime control process, the PI gains are
then scheduled or selected from the interpolation function or from the look-up table. The
performance of the proposed control methods has been compared with the traditional static
PI control. The results present that the adaptive look-up table (LUT) PI gain scheduling
control method gives the best performance over the static and adaptive interpolated PI
gain scheduling methods. Measured relative over the expected 220V, its average absolute
output voltage error is below 1.141% with mazimum overshoot about 5.6%.

Keywords: Power electronics, Voltage regulator, PI gain scheduling control, Semi-
adaptive control, DC-DC converter

1. Introduction. Fossil fuels have long time become important energy sources for indus-
tries and human activities. However, environmental issues and the reduction of fossil fuel
resources in earth are the main points that challenge many researches to find new, renew-
able and sustainable alternative energy resources. Not similar to steam-engine generator
powered by fossil fuels, renewable energy converters generate unpredictable electric power,
because most of renewable energies are ambient energy sources. Due to the problem, the
integration of the renewable-energy-based power generations with fossil fuel electric power
generations in large scale power systems is a crucial problem, especially to balance power
demand and power generation in a most economical operational point. Relatively low
power capacity and power efficiency are other challenging issues. Those issues have been
investigated by many researchers to improve them. New inventions and innovations in
this research field will change the way we electrify our daily life.
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There are many renewable energy sources such as solar energy, wind, and tidal energy.
Solar energy, which is converted by photovoltaic (PV) cells to be electric energy, is a
primary energy source. Therefore, its utilization in future electric power systems will
be very important. Another challenging problem, which is discussed in this paper, is
the integration of the AC power source from 220V /230V-grid with the PV modules, in
home-scale or micro-grid-scale power systems. In AC coupling or integration, frequency,
amplitude and phase synchronization must be made to guarantee the system stability and
the continuity of the power system operation. Besides the AC coupling, DC coupling is
also a promising alternative, where DC level equalization is an important issue instead of
the frequency, amplitude and phase synchronization as in the AC coupling.

Figure 1 presents a photovoltaic system and AC power electric, which are integrated
with DC power line coupling and connected to AC and DC loads. The DC line is provided
due to the fact that most of electronic appliances require DC power sources, for example,
desktop computers, laptop, printers, gadgets, TV, LED lamps, and home audio systems.
Even, air conditioners and refrigerators can be driven by DC motors that require DC
power source.

Rectifier
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ﬁ o = 220V, 50Hz
Photovoltaic panel o & 220
20 MEVDC AC
MPPT Battery DC-DC |vbe, .| DC-AC | | Load
Unit » Charger » Boost g ”| Inverter [~ 7 |@220v
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Solar Charge Controller | DC Load I

FiGURE 1. A photovoltaic system with DC coupling or DC integration of
DC and AC electric power source

The power is integrated in DC 220V. The AC voltage from the grid is rectified to
integrate it with the DC voltage from the PV system. The maximum power point tracing
(MPPT) unit presented in the figure is used to operate the PV system at its maximum
power point [1]. The PV and MPPT modules produce electric power with variant DC
voltage. Therefore, a DC-DC boost converter is used as voltage regulator to maintain the
voltage level at the expected DC 220V.

This paper discusses mainly on the DC-DC boost converter, and particularly introduces
a semi adaptive control, which regulates the step-up process of a varying input voltage
from the MPPT unit onto a stable DC output voltage. The contribution presented in
this paper is the simplicity to implement the semi adaptive control by tuning the PI
controller parameters with simple interpolation equations and look-up table concept. A
fully adaptive control can potentially be trapped at divergence situations due to noise
or parameter uncertainty. The simplicity of our semi adaptive control contributes to low
power consumption of the control algorithm, and can avoid the control algorithm from
unstable condition.

In order to present the idea clearly, this paper is organized as follows. Section 2 discusses
briefly some works related to this paper. Section 3 describes the concept and formal model
to implement the proposed control algorithms. Section 4 shows performance comparisons
between the proposed and existing control algorithms through simulations. Section 5 gives
a brief discussion of gain adaptation case studies. Finally, Section 6 concludes the work.
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2. Related Works. There are some circuit topologies that can be used to implement a
switched mode voltage regulator, among which are SEPIC [2], Cuk, Switched Capacitor
[3], and Charge Pump [4, 5]. Charge Pump is an interesting topology due to the absence
of inductor to implement the converter. Unfortunately, because of that, it is difficult to
achieve higher voltage gain. By inserting a booster circuit having one or more inductor
elements at the input side of the charge pump (CP) circuit, higher voltage gain can be
achieved. We adopt the circuit topology from [6] that combines the CP and the booster
circuit. However, the circuit presented in that work is designed without a closed loop
control. When the input voltage varies and load value changes, the circuit without a
closed loop control cannot maintain the output voltage at a certain expected DC level.
As shown in Table 1, most of the DC-DC converters are not equipped with a closed loop
control. Voltage regulator with a fully adaptive controller [7] is, in any case, effective to
control the output voltage. Nevertheless, fully adaptive control algorithm can be trapped
at any unstable points or be divergent, especially at noisy environments. Hence, model-
free control method is a challenging alternative [8]. We give a specific contribution in our

TABLE 1. Comparison of DC-DC converters with high voltage gain

With closed-loop

Ref., year Converter type Voltage gain control?
[12],2014  Two CP capacitors 73V output from 25V no
input
[13], 2014  Switched capacitor- 200V output from 20- no
based active network 40V input
[9], 2014 Integrated coupled- 380V output from 18- yes, DSP-based
inductor and diode- 36V input closed-loop con-
capacitor trol
[10], 2014  Isolated bidirectional 42-56V output from yes, phase shift
converter with 48-800V input control
winding-cross-coupled
inductors
[11], 2016  Soft-Switching Non-Is- 380V output from 40- yes, PI control
olated with Integrated 60V input with some logic
Interleaved Buck-Boost operations
(phase-shifting)
[14], 2016 ~ Two interleave boost 400V output from 20V no
stage with 4 stage CP  input
[15], 2015  Voltage Multiplier 380V output from 40V no
input
[16], 2015  Nonisolated, adopting 380V output from 25- no
switched capacitor cell 45V
[17], 2016  2nd order hybrid boost 380V output from 35V no
input
[6], 2017 Interleaved input 400V output from 20V no
voltage with modified  input
Dickson CP
This paper, Interleaved input 220V output from 12- yes, interpolated
2018 voltage with modified 24V input and LUT PI gain

Dickson CP

scheduling




492 F. A. SAMMAN, C. SRUN AND R. S. SADJAD

paper by completing the boosted-input CP circuit with a simple semi adaptive PI control
algorithms, which can be classified as model-free control scheme.

The proposed control methods can maintain the output DC voltage level constant at
220V, although the input voltage and load are changed in the simulation. The works in
9, 10] have presented a closed loop control for a DC-DC converter. However, experimental
tests with input voltage and load changes have not been verified by the works. Compared
to the work in [11] that uses dual duty ratio control signals to shift the phases of its
two PWM signals, we propose only a single duty-ratio control signal to control a single
uniform PWM signal. Hence, our work proposes a simpler mechanism to regulate the
output voltage level.

3. The Concept and Formal Model of the Control Methods.

3.1. The system diagram. The system diagram of the DC-DC converter with voltage
controller is presented in Figure 2(a). In the figure, we can also see the PWM signal
waveform (PWM1 and PWM2 signals) showing three modes of operations. The DC-DC
converter is built from an interleaved booster, at the input side, and a Dickson Charge
Pump topology, at the output side. The NMOS pair (M; and My) is used to switch the
charge pumping configuration.

The PWM signal generations for the transistor switches are presented in Figure 2(b).
The PWM signal generation for M, is delayed about half-period of the PWM signal
generation for M;. The PWM signal Vpyy, is obtained by comparing the saw-tooth
signal (Vgaw ) with the control signal (Vorgr). The Vorgp signal is generated by the PI
controller. When Vorrr > Veaw, then Vpyy, is in HIGH logic. When Veorrr < Voaw,
then Vpyys is in LOW logic. The level of the Vorgp is bounded between Vi at the
bottom limit and the maximum value of the Vg4 at the top limit.

Due to the signal boundary, the DC-DC converter operates in three modes, as explained
in the following.

e Mode 1 — M; and M, are ON. When both PWM1 and PWM2 are in logic HIGH,
then the NMOS M; and M, conduct currents (in ON state). In this case, the currents
(electric charges) from the voltage source V;,, are stored in the inductors L; and Ls.

e Mode 2 — M; is ON and M, is OFF. When PWMI1 is on logic HIGH and PWM2 is
in logic LOW, then the NMOS M; conducts currents (in ON state), while the NMOS
M, is in OFF state. In this case, the currents (electric charges) from the voltage
source V;, are stored in the inductor Ly, and in parallel, the electric charges stored
in Lo are discharged to flow to the capacitors C; and C5. A number of currents flow
to the load connected in the output terminal.

e Mode 3 - M; is OFF and M is ON. When PWM1 is on logic LOW and PWM2 is in
logic HIGH, then the NMOS M, conducts currents (in ON state), while the NMOS
M is in OFF state. In this case, the currents (electric charges) from the voltage
source V;,, are stored in the inductor Ly, and in parallel, the electric charges stored
in L, are discharged to flow to the capacitors C5 and Cy. A number of currents flow
to the load connected in the output terminal.

The charge pumping process is guided by the sequences of the operation modes men-
tioned above. The order of the sequences is Mode 1-Mode 2-Mode 1-Mode 3 and is
repeated sequentially as given. The charge pumping process can increase or decrease the
output voltage level at terminal V7 in the circuit. The voltage levels are controlled by
the duty ratio of the PWM signals.



ADAPTIVE LUT AND INTERPOLATED PI GAIN SCHEDULING CONTROL 493

L
Mz 54 Ci
— Ras T g

11 13

g

f

PWM 1

on
on]”

of

on

NMOS NMOS
PWM 2 driver driver

%t

T PWM1 1 PWM2

Electronic Control Unit < II | sensor |-4—
(Pl Gain Scheduling Control unit) ¢ I V sensor <

(a) DC-DC converter schematic

PWM1 Generation

Mode 1on
Mode 2 joff
Mode 170N
Mode 3 jon

VersL / / / / /
1
B T 7 N D4 S S S IS D PP N
T
I I l l
' ! ! ! !
| Taw | Time(S) | i i
PWM1 | | | | |
Tty Tsaw Time (S)
PWM2 Generation
/ Vertre / / /
1 1 I 1 1
/: Ve | | | | |
I 2 e e e
I
| S Y4 I | | I I
I I I | I I
i Taw | Time (S) I i i
) TDluty TSAW Time (S)

(b) PWM signal generation

FiGURE 2. The DC-DC converter with voltage controller and the PWM
signal generation

3.2. Gain explorations. Before the interpolation equation or function is derived, and
the content of the look-up table is assigned, explorations of the best possible PI gains are
made offline or before runtime control process using a simulator tool. In this section, the
gain exploration through simulations is presented. Since there is a wide domain of Kp
and K values that can be explored, only selected values are presented in this work. We
select some Kp and K; values, and then analyze the time domain transient responses of
the converter’s output voltage. Two criteria or metrics are used to quantify the analysis,
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i.e., the average absolute voltage error or AAVE, and the maximum peak (overshoot) or
Mp values of the output voltage. The selection process of the relatively best Kp and K7
values for both criteria is described as follows.

e In the Mp criteria, the best PI parameter points (Kp and K7), which have peak
value nearest from the expected 220 V, are selected for each input voltage and load
value.

e In the AAVE criteria, the best PI parameter points (Kp and K7), which have the
lowest AAVE value, are selected for each input voltage and load value.

PI gain exploration results for maximum peak (Mp) criteria with 12V DC and 24V DC
input voltage and variable resistance load values, i.e., (a) 10082, (b) 30082, (c¢) 50092 and
(d) 100092 are presented in Figure 3. From the figure, we can see that higher Kp values
tend to give higher maximum peak values. Therefore, the smaller Kp values become
relatively the best values. Meanwhile, the best K; depends on the load condition, or the
best K value is not the same for every different load setting.

PI gain exploration results for average absolute voltage value error (AAVE) criteria with
12V DC and 24V DC input voltage and variable resistance load values, i.e., (a) 1002,
(b) 30012, (c) 5002 and (d) 100092 are presented in Figure 4. As shown in the figure,
relative larger or middle range Kp values tend to give lower AAVE. It means that for
almost all load cases, the larger Kp values or the middle range values become relatively
the best values. Meanwhile, like the previous simulation, the best K; depends on the load
condition.

Based on the PI parameters explorations, we can then select the relatively best selected
PI parameters for each criterion, input voltage and load conditions. Figure 5 presents also
the relative best PI parameters for different criteria, load and input voltage conditions.
It seems that the relatively best Kp and K plots present a non linear characteristic. For
different load conditions and input voltages, the best PI parameters are not the same.
The only one unique characteristic is presented by the best Kp for 12V input voltage with
the AAVE criteria, which presents a linear curve. Because of the non linear characteristic,
the best PI control parameters should be scheduled based on the selected load condition
and criteria.

3.3. The gain control scheduling.

3.3.1. Static PI controller. In the static PI controller, two static PI gains are selected to
simulate, i.e., static PI 1 and static PI 2. In the static PI 1, we select a single pair Kp
and K gain based on the AAVE criteria, while in the static PI 2, we select a single pair
Kp and K; gain based on the Mp criteria.

3.3.2. Adaptive interpolated PI gain scheduling controller. In this control method, the Kp
and K7 gain of the PI controller is obtained from interpolation equations. Since there are
two input voltage points used in the gain exploration, then for each load condition, the

proportional gain is firstly selected based on the equation Kp = 0.5 (K}EAAVE + K;;Mp >,

where K344VE is the relatively best Kp for the AAVE criteria, and K}Mp is the relatively
best Kp for the Mp criteria. Meanwhile, the integral gain is firstly selected based on

equation K; = 0.5 ( K;j44VF + K;M”), where K344VE and K™ are the relatively best

K for the AAVE criteria and the Mp criteria, respectively.

We have made gain explorations for two input voltage points. There are many possible
input voltage levels. However, only two input voltage levels are selected, i.e., 12V and
24V. These two points are then used to generate a linear interpolation equation as a
function of AV as the independent variable, where AV = Vggr — Vi, (t). More input
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voltage points can be chosen, but it will result in more complex higher order interpolation
equation. The achieved interpolation equations of the K} and K7 for each load domain
are presented in Equation (1) and Equation (2), respectively. The PI gains are selected
depending on four different load conditions.

—0.625AV — 100, 0 < Zroug < 1009
. —1.0417TAV — 186.47, 100 < Z1pns < 3009 "
P 275, 300 < Z1paq < 5009

—0.4167TAV — 59.167, Z1eaa > 50052

0.2083AV +60.833, 0 < Zpea < 1009
LO4AITAV +224.17, 100 < Z1pna < 30092
—1.25AV + 270, 300 < Zroea < 50092
—1.041AV — 196.67, Zroeq > 5008

3.3.3. Adaptive look-up table PI gain scheduling controller. In this control scheme, the Kp
and K are selected based on two time domains, i.e., the transient time and steady-state
time domain operations. The controller PI gains, (Kp;(k) and Kj;(k)), j € [1,2,3,4] as
presented in Equation (3) and Equation (4), are the function of the gain at any transient
time k. The k term is the index number in the look-up table. The K} and K7 selections
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are made based on these two time domains.

(K (k), 0< Zppea < 100Q
K Kpo(k), 100 < Zppea < 3009 5
P K}.;S(k% 300 S ZLoad < 5OOQ
| Kpa(k), ZLoada > 50092
((Ki(k), 0< Zppeq < 1002
K* K}k2(k>7 100 S ZLoad < 3OOQ (4)
e K;(S(k>7 300 S ZLoad < 5OOQ
K3, (k), Zroaa > 50092

\

As presented in Equation (5), the time domains are bounded by the boundary-state
voltage value Vgg. The value of the Vpg can be determined carefully to be a constant
voltage value such as 5V or 7V above and below the steady-state voltage (Vsg) or reference
voltage Vrgr. In our case, the value of the Vggr is 220V. The Vg value is set to 5V /7V,
because when the output voltage Vi,.q is within the range of Vgg 4+ 5V or Vgg £ 7V,
then the selection of the PI control parameters is changed from transient to steady state
criteria. If the absolute error voltage Vi(t) = Vrgr — Vi (t) is greater than or equal to
Vps, then the best Kp and K values (k] ,,sien:) from the look-up table for the maximum

peak overshoot criteria will be used. Else, if the Vg(t) is less than Vpgg, then the best Kp
and K7 values (k},,g4,) from the look-up table for the AAVE criteria will be used.

E— k:mnsient? |VE(t)| > VBS
ks V()| < Vps

steady’

()

4. The Performance Comparison. In this section, the performances of four control
methods are compared through simulation, i.e., the static PI 1, static PI 2, the adaptive
interpolated PI gain scheduling and the adaptive look-up table PI gain scheduling control
method. Two scenarios are used for the performance test with dynamically changed input
voltage, i.e., as presented in Figure 6(a) and Figure 6(b). From both figures, it seems
that the transient characteristics of the adaptive interpolated and adaptive LUT PI GS
control methods are better than the static PI control methods.

Table 2 presents the summarized performance comparisons of the control methods
simulated before. As shown in the table, we can see that the adaptive look-up table
(LUT) PI gain scheduling control method presents the best performance over the other
control methods. Measured relative to the expected 220V, its average absolute output
voltage error is below 1.141% with maximum overshoot about 5.6%.

5. Brief Discussion of Gain Adaptation Case Studies. In some voltage regulator
or power supply application cases, PI or PID controller gains should be adapted to follow
load changes and input voltage variation [18]. This action is made in order to meet
a single or multiple objectives such as maintaining rated output voltage or improving
power efficiency or output power. PV-based power systems as a particular case shows
the phenomena. When power demand represented by an electric load is lower than the
generated power, the output voltage will be higher than the rated voltage [19]. Another
case is also presented in a synchrotron beam source application [20], where the discrete
PID gain should be adapted for magnetic load change in order to meet control objective.
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FIGURE 6. Test scenario with variable input voltages

TABLE 2. Performance comparison of the control methods

Control method

Max. Peak AAVE Settling time

Static PI 1
Static PI 2
Adapt. Interp. PI GS
Adaptive LUT PI GS

241.612V  3.1989V  10.938ms
240.725V  3.1077V  10.927ms
232.564V  3.0992V 6.875ms
232.338V  3.0990V 6.823ms

6. Conclusions. This paper has presented an adaptive interpolated PI gain scheduling
and adaptive look-up table (LUT) PI gain scheduling (GS), which effectively reduce the
maximum overshoot of the DC-DC converter output voltage during transient conditions.
In average, both methods can decrease the maximum overshoot between 5.6% and 5.71%,
which are saved enough for real implementation in PV-based electric power systems. The
adaptive LUT PI GS outperforms slightly its counterpart adaptive interpolated PI GS.
The performance differences are not significant, when it is compared to the static PI
control. The adaptive LUT PI GS gives about 8V better maximum peak overshoot,
about 0.1V better AAVE and about 4 seconds faster settling time compared to the static

PI control method.
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The performance improvements of the adaptive LUT PI GS control method are not
so significant compared to the performance of the adaptive interpolated PI GS control
method, i.e., only about 0.0013% lower maximum peak overshoot, 0.000065% smaller
AAVE and 0.0076% faster settling time. However, the control algorithm of the adaptive
LUT PI GS control method is more simple. It is even much more simple compared to fully
adaptive control algorithms. The adaptive LUT PI GS control algorithm is implemented
with a simple look-up table gain selection based on the transient and steady-state time
domain operations.

Certainly, there are many possible approaches that can be used to construct the inter-
polated and LUT-based PI gain scheduling control method. This paper presents only a
few representations of them, and also at least as a basic guide to construct a simple semi
adaptive control that can work effectively to control the output voltage of the DC-DC
control at a stable DC operating point. Extension and advancements of our approach to
obtain more optimal results are still open.
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