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DESIGN AND REAL-TIME IMPLEMENTATION OF SYNERGETIC
REGULATOR FOR A DC-DC BOOST CONVERTER
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Switching DC/DC boost converters are one of the most economical devices for increasing supply voltage due to their large conversion
efficiency. With the development of modern control technologies, control of DC/DC converters has become increasingly important to
improve system power density and efficiency. The output voltage of these power converters must meet stringent specifications to be fast
and stable. To regulate the DC/DC boost converter in the presence of disturbances, a synergistic control (SC) system derived from
synergistic theory is presented in this study. Based on the state variables, the total variable manifold supports the proposed control
scheme. The distinctive features of the SC system via sliding mode control are finite time convergence and chattering-free phenomena.
The Lyapunov approach is used to examine the stability of the controlled system. The suggested control scheme was verified by simulation
and experimentally validated using a ASPACE DS1104 card. The controller exhibits a suitable response with high performances, such as
fast transient response, negligible steady-state error, and better performance under load and output voltage fluctuations.

1. INTRODUCTION

The widespread use of EVs [1, 2], batteries [3], renewable
energies like PV [4, 5], and microgrids [6] has encouraged
the rapid development of power converters to meet dynamic
load demands and strict requirements on the power supply.
Among all the developed power converters, step-up DC/DC
converters are attractive for different applications supplied
by DC output voltage power sources. These converters have
the advantages of high efficiency, smooth waveforms, and
an extremely high power density. Non-linearity and time-
varying systems are important phenomena that deteriorate
the performance of DC/DC converters. The DC/DC boost
converter control is usually challenging to regulate the
output voltage and ensure robustness over a wide range of
parametric and load changes.

Linear Pl-based control strategies are still the prevailing
control strategies that rely heavily on the rated parameters of the
controlled systems. Due to their shortcomings, several enhanced
control schemes for DC/DC converters have been developed,
such as sliding mode control (SMC) [7-10], predictive control
[11,12], LMI-based robust controller [13], fuzzy logic controller
[14], synergetic control (SC) [15], and so on.

When facing unexpected disturbances, robust control
design is considered a topic of significant research interest.
Ensuring the system’s stability and robustness during
parameter changes is still challenging. Recently, the SC has
emerged as a promising control owing to its ease of
implementation for controlling the DC/DC converters [15].
The Russian researcher Kolesnikov developed the SC scheme
[16] and has aroused several applications in power electronics
and various industrial processes [17-21]. It is based on the
ideas of modern mathematics and synergetics. The SC shares
some features with SMC to force the closed-loop system to
move on a desired manifold. Compared to SMC, the chattering
phenomenon is handled better in SC, which can track the
system references in a finite time. However, the SC requires
the complete mathematical model of the controlled system.

Considering the literature review, it is obvious that
researchers constantly develop different cost-effective
controllers without sacrificing performance. For this reason,
this paper outlays the analysis and real-time implementation
based on the dSPACE 1104 card of an efficient boost

converter with a cost-effective scheme based on SC theory.
As it is well known, the DC/DC boost converter lacks
advancements in two different standpoints. The first hurdle
is the switching losses. The second one is the inability to
maintain the desired performance due to internal parameter
changes and external disturbances. The proposed control
scheme investigated in this paper attempts to mitigate the
issues above, which will make the fast-tracking of output
voltage and enhance the conversion ratio.

Therefore, this paper is arranged as follows: The second
section describes the DC/DC boost converter model as a
built-in simulation. The third section explains the basic
principle of the SC. The results of the simulation and the
experiments are reported in sections 4 and 5, respectively.
Final remarks can be found in section 6.

2. MODELING OF THE CONVERTER CIRCUIT

Figure 1 shows the conventional electronic circuit of a
DC/DC bhoost converter. It mainly consists of a DC input
voltage (Vin), a controlled switch (S), a diode (D) acting as a
free-wheeling diode, an inductor (L), a capacitor (C), and a
load resistor (R).
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Fig. 1 — Typical structure of the step-up boost converter.
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The dynamic model of the boost type converter is given
by [8]:

dip, Ve 1
- 1 A= D+Vin

t 0<d<1, (1)
de c RC

where Vi, and Vg are the input and output voltage,
respectively, and d is the control signal.
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3. BRIEF SURVEY OF SC THEORY

The SC technique provides valuable ideas for controlling
systems with various uncertainties, time-varying parameters,
disturbances, etc. Moreover, it is used to avoid chaotic
behavior and enhance the quality of regulation in power
electronics applications [16, 17]. It is close to SMC because
it forces the system to evolve on a pre-selected manifold. The
main advantage of SC over the SMC is that it eliminates
chattering phenomena. The control uses a macro-variable
that can be a function of the system's two or more state
variables. By the appropriate choice of macro-variables, the
designer can obtain a powerful method to improve tracking
accuracy for the final system by (i) ensuring the overall
stability of the system, (ii) insensitive to fluctuations or
parameter variations, and (iii) noise suppression. Consider
the nonlinear SISO system that is expressed as follows:

dx(t) )

5 =[G, @)

where x € R" represents the state variable and u € R~

represents the control variables. The SC synthesis consists
of the following three steps:

e Stepl: Choice of a function based on the state variable

of the system named macro variable:

b =v(xt), 3)

The main objective of the macro variable is to force the
system to evolve on a pre-selected manifold y = 0. The
operator can select the characteristics of the macro variable,
considering some parameters such as the control objective,
response time, and control limitations [22—26].

e Step 2: Definition of the dynamic evolutions of the
macro-variables to ensure the desired constraints,
which can be expressed by eq. (4):

Ty+y¢y=0, T>0, 4)

where T is a positive control parameter that indicates the
closed-loop system's convergence rate to the desired
equilibrium point, the solution of eq. (3) is given as:
-t
Y(t) = YoeT, &)
L

¢<u/v
/

\ "’”wy

Fig. 2 — SC in phase portrait.

It is obvious that y(t)—0 at t—oo0.

The system operating point converges to the straight line
(control manifold) and then moves to the origin point, as
shown in Fig. 2.

e Step 3: Synthesis of the control law.
Considering the differentiation chain, it gives:

i = dy(x, )  d(x,t) dx(t)

dt dx dt ©)
Substituting eq. (2) and (3) into eq. (4), it is derived:
T dlpc(iz’ D feu,6) + W, ) = 0, 7
From eq. (6) the control law can be expressed as:
u=g(xx),T,t), ®)

3. CONTROL DESIGN OF SC ALGORITHM

Control techniques play a vital role in optimizing the overall
operations of the boost converter to attain high system
performance. A nonlinear control law based on the SC
technique is synthesized in this section to regulate the output
DC-link voltage of the step-up boost converter.

The output voltage and its derivative are chosen as the state
variable of the system:

{xl = il
Xy = Vdc '

(€))

If d is assumed as the duty ratio of a switching period, the
average model of the boost converter can be expressed by:

Xy 1
%= =7 (1= d) + Vi
ok ok 0<d<1, (10)
=21-d)-=2
2= RC

The output voltage and current errors are defined as
follows:
an

{61 =Xy — llref

— )
€2 = X2 — Vdc_ref

where Vacrer, Il ef are the reference output voltage and
reference current respectively under the constraint such that
1im||xi - xi_ref” - 0, i =1,2. A macro-variable y of the

t—oo

SC can be expressed as:
Y = ey +Key = Ve — Vacrer + K(i — i rer), (12)

where K is a positive constant chosen by the designer, the
macro-variables constraint is chosen by:

Ty +¢=0; T>0, (13)
Differentiating eq. (12), then it is obtained:
U= + K&y, (14)

From eqs. (10), (13) and (14), then it can be derived:
X X x 1
T2 -d) -2 +K(-20-d) +1Vu)|+¥ =005

Then, the SC law defines the control signal (d) as:
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Ev- X2, X27%2 ref K(xl_xl_ref)
— L'In RC’ T ' T
d=1-  — , (16)
LXZ CX1

The Lyapunov analysis is used to prove the stability.

Assuming:
1
v =cu"y, (17)
Therefore:
=y, (18)
From eq. (11), it leads to:
1
V=—F¢2; T >0, (19)

ThusV < 0.

According to the Lyapunov theory, the system stability
under the control law is guaranteed, and the trajectory
converges at an infinite time to the equilibrium point.

4. SIMULATION RESULTS

This section is intended to compare the performances of
the suggested SC algorithm and PID controller. Numerical
simulations under different load and output voltage
variations have been performed using MATLAB/Simulink
software. The specifications of the DC-DC boost converter
utilized in this work are summarized in Table 1.

The switching frequency (fs) is fixed at 20 kHz. When Vi, is
20V, the duty cycle D is 0.6, and the inductor current variation
Aip is 0.03 A. Therefore, the inductor L is determined by

= VinD
 fshig
Table 1

Parameters of the circuit

Parameters

Input voltage (Vin)

Reference output voltage (Wc.rer)

DC-bus capacitor (C)

Input inductance (&)

Load resistance (R)
Sampling time (T;) | 50.10%s

Switching frequency (f;) | 20 kHz

In this article, three types of system testing are utilized.
The first system test is a step reference voltage change. This
test evaluated the suggested SC algorithm and PID controller
capabilities to track and maintain the reference output
voltage level.

Figure 3 presents the simulation results of the suggested
SC algorithm and PID controller for a DC-DC boost
converter with a fixed output voltage of 40 V and a fixed
resistive load of 100 Q.

As shown in Fig. 3, the suggested SC algorithm performs
excellently in tracking the reference output voltage (Vdc-ref)
when the setpoint changes. The algorithm demonstrates
commendable performance in maintaining the desired value
perfectly.

The suggested SC algorithm does not overshoot in the starting
condition, but the PID controller overshoots around 49.89 V.

= 20 mH. (20)

Values
20V
40V
1100 pF
20 mH
100 Q

60
Y 49.893

= 1N
> 40 =
S
S
<
: 20 ‘_SC —PID Vdc-ref
(8]
(=]

0 1 1 1 1

0 0.2 0.4 0.6 0.8 1
Time (s)

Fig. 3 — Step responses of the suggested SC algorithm and PID controller
for DC-DC boost converter with fixed load.

The second system test is a step reference voltage change.
During the time [1, 2] s, a step change in the reference output
voltage from 40 V to 80 V and inversely from 80 V to 40 V
takes place to evaluate the robustness of the suggested SC
scheme and PID controller. Figure 4 shows the tracking
ability of the proposed SC algorithm and PID controller.

Figure 4 shows that the SC algorithm performs better than
the PID controller regarding overshoot, undershoot, and
transient response. In addition, the output DC-link voltage is
unaffected and tracks its reference values perfectly with a
fast response time, which illustrates the robustness of the
suggested SC algorithm.
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N
o

‘—sc ——PID Vicoref
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Time (s)

Fig. 4 — Output voltage of the DC-DC boost converter for reference
voltage variations using the suggested SC algorithm and PID controller.

The next system test is the load resistor variation. In this
test, the simulation time is 4s. After reaching the steady state,
the load resistor value suddenly changes from 100 Q to 50 Q
and inversely from 50 Q to 100 Q during the time [1.5, 3]s
with a fixed output voltage at 40 V. Figure 5 shows that the
output DC voltage remains constant at its reference with a
small fluctuation during the load change.

Nevertheless, the suggested SC algorithm exhibits
commendable robustness in such disturbances. Despite the
overshoots/undershoots, the proposed SC algorithm
selectively maintains stability and demonstrates resilience in
handling these disturbances.

The proposed SC algorithm performs better than the PID
controller in robustness and fast recovery time. At time t =
1.5 s, when the load resistance variation is raised, the output
voltage deviation of the SC algorithm is smaller (5.32 V)
than that of the PID controller (8.73 V).

In addition, the SC algorithm's recovery time is less
(0.38 s) than that of the PID controller (0.68 s). Next, the load
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resistance variation is reduced at time t = 3 s; in this
condition, the output voltage deviation of the SC algorithm
is smaller, 6.08 V, than that of the PID controller, 11.33 V.
Furthermore, the recovery time of the SC algorithm is
smaller, 0.28 s, than that of the PID controller, 0.3 ms.

N
& 40 -
g vV
3 | \
9 30
=
£20¢ ‘73(: — PID vdc-ref
=
S 10t
0 1 1 1 1 1 1
1 1.5 2 2.5 3 3.5 4
Time (s)

Fig. 5 — Output voltage of the DC-DC boost converter for load resistance
variations using the suggested SC algorithm and PID controller.

To prove the proposed SC method's advantages, Table 2
compares the change of reference output voltage (AVqc) and
its recovery time (t;) for both the steady and transient states.

The comparisons in Table 2 are based on two cases: the
change of DC load and the change of reference output
voltage. The comparison confirms the importance of the
proposed SC method when the overshoot in output voltage is
enhanced. Moreover, the response time is very acceptable.

Table 2
Transient values corresponding to test 2 and test 3 and its comparison
Increasing load | Decreasing load |Overshoot |Undershoot
AVdc (V) tr(s') AVdc(\/) tr(s) AVdc(V) AVdc(\/)
SC method| 5.32 0.38 6.08 0.28 - -
Ref [27] | 8.62 0.30 9.75 0.33 10 10
Ref [28] 4.20 0.08 6.57 0.31 - 4
Ref[29] | 2.50 0.40 7.34 0.38 - -

5. EXPERIMENTAL VERIFICATIONS

Figure 6 depicts an experimental setup designed to evaluate
and verify the feasibility of the proposed control technique
using dSPACE DS1104. Table 1 shows the main parameters
of the experimental prototype.

e = 4

Fig. 6 — Hardware prototype built to evaluat roposed method; 1 — PC;
2 —dSPACE; 3 — load; 4 — current sensor; 5 — ge sensor; 6 — oscilloscope;

7 - SEMISTACK-IGBT inverter; 8 — DC p pply; 9 — manual switch;
10 — inductor.

The controlled system's robustness was tested r abrupt
output voltage and load disturbances. Figures illustrate

the experimental results and capabilities of the controller
under abrupt variations in the output voltage and load.

5.1. PERFORMANCE UNDER DC VOLTAGE
VARIATION

This test describes the possible circumstances at different
reference output voltages, as portrayed in Figs. 7 and 8. Figure 7
considers a sudden rise and dip in the reference output voltage
from 40 V to 80 V and inversely under full load conditions.

7

@ one

[ : : [ 1; —3.280s )

Fig. 7 — Experimental of the output voltage transient responses during a
reference voltage change from 40 V to 80 V and vice versa.

: : @ <
[ @ = ¢ ) 15 @ -1.5308)

Fig. 8 — Experimental transient responses of inductor current during a
reference voltage change.

The proposed technique diminishes the voltage overshoot and
settling time considerably. The under/overshoot is 0.2 %/ 0.1 %,
respectively, with a settling time of 100 ms / 128 ms when
increasing/ decreasing the output voltage.

It demonstrates the proposed control technique's suitable
transient response. From this test, the SC can track the reference
output voltage of the DC/DC boost converter with fast response
time and low under/overshoot.

5.2. PERFORMANCE UNDER LOAD VARIATIONS

To further verify the robustness of the proposed SC
controller against the load changes, it is examined. To
investigate this issue, the experimental setup is evaluated by
varying the load with a fixed output voltage at 40 V. Figures
9 and 10 show the responses of the output DC-link voltage
and inductor current of the DC/DC boost converter after a
step change of 5 n the load. SC can quickly restore the
output voltage t nominal value, and the overshoot is
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small. Based on this test, the proposed control scheme can
meet the abrupt load demand.

<2Hz

JC_1s 0.000s )

Fig. 9 — Transient response oﬁboost converter with a step change of

( ‘ ‘ (t)-‘1 1A

5 the load.

00-2.89s 64.1V
O®a-1.88s 48.3V
H218ns A15.8V

L,

Vdc

<2Hz

( ‘ ‘ C o o.ooosJS

Fig. 10 — Response time and overshot values during load changes.

6. CONCLUSIONS

Inspired by SMC, a high-efficiency boost converter with the
most cost-effective scheme based on SC theory was presented
in this paper. The controlled system was subjected to set point
tracking changes such as load and output voltage variations.
The studied system was tested by simulations and experiments
around the DSPACE 1104 control board. The simulation and
experiment results showed acceptable performances of the
proposed control method in the steady state and transients.
Different performances of the control strategy, such as
tracking ability, fast convergence, and law under/overshoot,
were demonstrated in experimental and simulation tests.
Finally, due to its robustness and performance, the suggested
controller is worth recommending to other industrial
applications with nonlinearities and disturbances.

Received on 1 August 2023
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