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In this paper, the linear state-space model of the multi-input DC-DC boost converter is obtained and based on, a linear
SISO model is calculated. Model predictive control (MPC) offers a novel method of designing in the power electronic
converters. The application to DC-DC converters offers real benefits because of having simple tuning technique and
analytical guaranteed stability. The weakness of this converter is non minimum phase behavior. One of the methods of
implementation MPC controller is Generalized Predictive Control (GPC) which is compatible with non-minimum phase
systems but due to simple implementation, using of linear controller is more popular in power electronics control system.
GPC has some advantage such as fast dynamic and robustness in nonlinear system however main advantage of linear
controllers is its low steady state error. The main idea of this paper is the investigation performance of GPC and linear
controller in the multi-input DC-DC boost converter and camper with PI controller in term of dynamic, steady-state error,
and robustness and run time in a microcontroller. The resulting of this comparison is critically assessed in simulation and
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I. INTRODUCTION

The DC-DC converters play a key role in power electronic
applications. They are widely used in microgrids,
hybrid/electric transportation vehicles or hybrid energy
systems [1]. In DC-DC power electronic converter, the DC
output can be locally generated by renewable energy sources
such as solar PV system, wind power generation, fuel cell, etc.,
and can be connected to a common DC bus [2]. Using a DC-
DC Multi-Input converter to merge all of the energy sources
make possible many advantages such as reduced component
count, reduction in weight, control simplicity, and flexibility
in the combination of sources [3]. There are various methods
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algorithms ruining time has been compared in microcontroller hardware.

for controlling the voltage and current in DC-DC converters
such as PI, Fuzzy logic, Sliding Mode, MPC, each of which
has its own advantages and disadvantages. In [4] proposed
Sliding Mode control of DC-DC converter for wide range
voltage control. Its results show using this method in wide
range control is let to acceptable performance but this method
in the small range make some ripple in output voltage .The
conventional PI controller is used for controlling the output
voltage by appropriate tuning the Kp and Ki values in PI
controller, the reference signal can be sent to PWM algorithm
to generate on-off time in power electronic switches [5]. The
PWM controller has some advantages such as constant
switching frequency, closed-loop control, small current ripple,
and low sonic noise. PI controller has been vastly employed in
many kinds of feedback system [6] however in recent yeses
using of Model predictive control (MPC) is favorite due to its
significant advantages over conventional control methods,



such as simple handling of multivariable systems, fast dynamic
response, simple treatment of constraints, and easy
implementable in nonlinear and linear time variation system
(LTV) system [7]. MPC can be divided into Continuous
Control Set (CCS)-MPC and Finite Control Set (FCS)-MPC
[8]. CCS-MPC utilizes the cost functions, as well as analytical
ways to provide the optimal solutions of manipulated variables
that can control the power electronic switch with using the
PWM or SVM modulators. According to the nature of power
converter that combinations of switching states are finite, FCS-
MPC uses complete enumeration method to get prediction and
optimization and does not use the modulator [9]. FCS-MPC
usually provides a faster response time than CCS-MPC. CCS-
MPC separate the switching frequency from the controller
sampling time, and by this method, the converter operates at a
fixed frequency, therefore, switching loss in the converters
becomes constant for these causes, CCS-MPC is more usable
in industrial applications [10]. In CCS-MPC there are various
control design methods based on model predictive control
concepts including Dynamic Matrix Control (DMC), Model
algorithmic control (MAC), Predictive Functional Control
(PFC), and Generalized Predictive Control (GPC) [11]. GPC
is one of the most popular predictive control algorithms
developed by D. W. Clarke in 1987 [12]. GPC is one of the
implemented technique MPC which uses a discrete transfer
function model of the process and of the disturbance, hence, a
fewer sensor is needed if compared to PFC which uses a state-
space model [13].

Utilizing CARIMA model in GPC provide offset free
response. GPC is suitable for non-minimum phase, open loop
unstable and having variable dead time. It is capable of
considering both fix and varying future set points [14].

In this paper, a linear model of the DC-DC boost converter
is obtained. Linear and GPC controller are designed and their
result is compared together. A key characteristic of these
controllers is that guarantees stability and optimizes system
response for a given DC-DC boost converter plant system.

Non-minimum phase effect in DC-DC converter cause
undesired behavior in converter output voltage, therefore,
using of GPC controller is proposed to avoid this phenomenon.
Control algorithms are implemented in three microcontrollers
for calculation the algorithms execution times.

This paper is outlined as follows: In the next section, the
small signal model of the Multi-Input converter is given, and
parameter design of converter is presented, then, in section I11
provides the PI controller design for the DC-DC converter. A
full and detailed description of the automatic GPC design
process is given in section V. Later in section V simulation
results are presented to compare the proposed algorithms, then
this section provides the implementation results on
microcontrollers are obtained for these strategies and
compares them. Finally, in section VI, the main conclusions of
the work are summarized.
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II. ANALYZE OF MULTI-INPUT BOOST
CONVERTER
In Fig. 1, the architecture of the two input DC/DC converter
where source-1 and source-2 are represented by their
corresponding voltage sources V1 and V2, switches S1 and S2,
diodes D1 and D2, respectively. Basically, conduction of
switch S1 and S2 decides the working states and supplying
sources whereas conduction of switches S3 and S4 decides the

operating modes (buck, boost and bidirectional).
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Fig. 1. Multi-Input DC-DC boost converter schematic.

A. Multi-Input Boost Converter Model

To design the controller, it is necessary to know the system
model. From the control viewpoint, the main challenge in
managing the power flow between low voltage side and high
voltage side is to provide a constant voltage V¢ when any load
disturbance appears at the output terminals [15].

In this boost converter model, there are two inputs V; and V>.
For modeling the boost converter because we want to control
the output voltage, the transfer function output voltage to the
output duty cycle should be obtained. Since we only need
output transfer function to control the output voltage, so, it can
be considered V;,=V;+V>, then according to state space in
conventional dc-dc boost converter transfer function can be
extracted [16].

According to the state space model and KVL, we can
obtain the following equations:

d _ (R BRe g -— B

dt L L(R+R.) L(R+R,) 1)
R ; Vi)
TR (Reiy () ve(u() +
de) R
& CRry) O Crery ¥ ?)
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Where, u (t) is the control input that is related to the states of
the switch Q3. In that case, means the switch is ON and Q3 =
0 means is OFF. So u (?) takes a value in discrete set {0, 1}.
Duty ratio d (t) indicate the average control input. By replacing
u (¢) with d (1), the state-space averaged model of the DC-DC
boost converter in Continuous Conduction Mode (CCM) can
be obtained [17]. In equations (1) and (2), i (t) and ve(t)
indicates the inductor current of L and capacitor voltage of
C ,respectively. R represents load resistance, i; is load
current, R, and R indicates the parasitic of capacitor and
inductor respectively.

So the matrix form of state space can be written as follow:

di, (1) _(A-u@)RRc R, (A-u@@)R . (4)
dr | _ (R+R¢)L L (R+Re)L [mz)}{ N

dve (1) A-u@)R 1 ve@] | o]
dt (R+Re)L (R+Rc)L

The input and output voltage are define v;(t), and v, (t)
respectively.

The equations of states variables (i, V), contain time-varying
quantities which cause non-linearity in the system. To obtain a
linearized state equation of the system, small signal ac
perturbations are superimposed in duty cycles, voltages, and
currents. Therefore time-varying quantities along with a
perturbation are expressed as:

L=i ®-i, Ve @®=Ve @)—V,dy)=d@)-D,V,
() = V; (1) — V; where the uppercase letters represent the
nominal steady state values. By Laplace transform of the
obtained linear state-space

Model, transfer function output to duty cycle can be obtained
as follows:

v, v, (+CReSIR2A-D) (R +Rc)R, +LS)] (5)

G = =
dout " g, 1-D 5(5)

5(s) = R(1-D) R(1-D)+R-(1+C(R+R.)S | 6)
HR+R:)(R, +LS)Y1+C(R+R.)S)

In this section we want to design the parts of DC-DC
converter. In order to operate the converter in CCS mode the
inductance is calculated such that the inductor current i;
flows continuously and never falls to zero [18]. Thus, L is
given by

1, -U=D)VDR )
2f

Where L., is the minimum inductance, D is duty cycles, R
is output resistance, and fis the switching frequency of
switch.

The output capacitance to give the desired output voltage

ripple is given by
Con = @®)
RIV,

Where C,,;, is the minimum capacitance and V,.is output
voltage ripple factor. V,.Can be expressed as:
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V,=—2* )

According to output voltage equation in boost converter,
for V,=70V duty cycle is d=0.485.

From equation (7) and (8), L,»=0.16mH and C,,;,=9.7uF.
In this paper we have considered the value of L and C are
390uH and 100pF respectively, therefore system transfer
function is calculated as follow:

92x107°5-0.12
Cu(8) = 5o 81075+ 6.6x107 1o

ITI. LINEAR CONTROLLER DESIGN

For obtain better performance in power electronic converter,
controller design is important to step.
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Fig 2. Converter control structure

In past decades, using of linear controllers are conventional
and practical in industrial systems. The implement of the linear
controller has some advantages such as linear controllers are
used often in many industries. These type of controllers have
some advantages such as simple design,
implementation, and explicit stability proof also use of linear
controllers have some disadvantages as dependence controller
parameters to system operation point, the unsuitable response
in time delay system and frailty against disturbances [19].
To design the linear controller, defin the transfer function from
duty cycle D (manipulated variable) to output voltage
(controlled variable) is necessary.
In control structure, use of PWM modulator with 20 kHz
switching frequency, the controller generates a reference
signal for the modulator. The improved PI controller has been
proposed in this system because this type of controller can both
improve the response speed, stability margin and according to
the existence of the integrator in the controller structure, the
steady-state error will be decreased. The structure of the
controller is shown in the Fig. (6).
Bode diagram is one of the methods for controller parameter
design. For this purpose, in this paper system transfer, function
bode diagram after and before design controller is plotted.
Bode plot was one of the conventional tools for linear

low-cost



controller design. Bode diagram of the transfer function of
Eq. (10) is depicted in Fig 3
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Fig. 3. Bode diagram of G, transfer function

The system phase margin is 89.9(deg) which is not
appropriate for industrial systems [20]. Higher phase margin,
because the slower dynamic response, with the appropriate
controller design, the system phase margin should be ranged
in 30-65 degrees.

The PI controller in practical implementation is express as
follow [20]:

PI controller = [(kp +k")}e(s) (1)
s

System close loop transfer function by utilizing of mason
method is define as follow [20]:

7(s) 2o _ 2P (12)

Duty cycle A
Where, A is system characteristic equation, p;, is route
gain and A, is system characteristic equation cofactor. Fig. 4
shows bode diagram of G, after controller design.
With using of MATLAB /SIMULINK software, controller
parameter are tuning with purpose of raise time and over shot
percentage reduction. The simulation result is shown in section
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Fig. 4. Bode diagram of G, after controller design.

IV. MODEL PREDICTIVE CONTROL

Model Predictive Control (MPC) is an advanced control
method used in the industrial process from the 1980s. The
dynamic model of the system is used in the MPC controller.
By solving open-loop optimization problem optimal control
move is calculated on-line at each sampling time.
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The optimal sequence of the manipulated variable is
computed over the control horizon based on the current system.
Only the first control move is applied to the system. This is the
contrary to the pre-computed control law such as PI control
where the closed-loop operation is employed [20].

Features such as high dynamics, the capability to using in
the unstable system and the possibility of consideration
constraint in controller design. The main disadvantages are the
requirement of the accurate model and possible instability
when the prediction horizon is not selected well. In power
electronics, the MPC is divided into two classes according to
the control set Finite Control Set (FCS) MPC and Continuous
Control Set (CCS) MPC. The first one does not need a
modulator and has a variable switching frequency. The second
one uses a modulator and thus uses a constant switching
frequency. Each one of these approaches has its advantages.
The CCS MPC was used for this work as it can be easily
compared to the PI controller.

The MPC is a multivariable control algorithm. The
calculation of the optimal control move is based on solving the
optimization problem defined by a cost function [21].

N,
J(NLN,N) = S5 ()[p(e+ o) -w(e+ )T (13)

J=N,
N
+3 () Au(t+j-1]
j=1

Where, N, is prediction horizon, N, control horizon, N;
model delayed, Au control signal, y(t) model output, w (t)
reference set point andd (j), A(j) are the weight factors.

CCS-MPC controller is implemented by 4 forms that consist
of Dynamic matrix control (DMC), Model algorithmic control
(MAC), Predictive functional control (PFC) and Generalized
predictive control (GPC) [22]. In this paper we are used GPC
format because its formulation is based on using system
transfer function.

For tuning parameters of the MPC controller, prediction
horizon in oscillating systems should be noted that using of
appropriate criterion leads to acceptable and implementable
design. If the control horizon of the system model be selected
as long range, the calculation rate of the system is decreased
and complexity is extremely increased.

G, (Z" ) _ 429.722’14— 208.3227]’1 (14)
1-212Z7 +.842Z

Mostly, in GPC method, controlled auto regressive
integrated moving average (CARIMA) model type is used that
is based on the transfer function of the plant according to
discrete time structure,

This transfer function often describe as a fraction two
polynomial

W B(ZY) bzt vbz b,z (15)
(#1)= A(z7) TlwaZ'vaZ +.va,Z "

If the system is affected with a dead time, the first elements
of the polynomial B (Z™!) are equal to zero.



The equation of CARIMA model can be written as
following:

A2 )y (0)=8(2 Yufe-d) (2 ) (16)

The last term in Eq. (16) shows the disturbance effect. If
&(t) is white noise, the polynomial can be set to 1. So the
equation can be simplified to:

A(Z’l)y(t)=B(Z’1)u(t—1)+¥ 17

For provide a predictor, the following Diophantine equation
is expressed as:

1=E,(2")4(z")a+27F,(27) (18)

By definition A(Z™') = AA(Z7') where Eq.(17) Can be
written as:

1=E,(z")+27F,(2") (19)

Through dividing 1/A(Z™') two terms the remainder
factorized as Z/F;(Z7%) The quotient is the
polynomialE;(Z~*). So, The degree of E;(Z~') is j-1 which
j = Ny,there for E;(Z™") and F;(Z™") can be defined as:

E(Z)=e, +e, 2" +e,,Z” +..e,, .2V (20)
F(ZNY=fo+f,Z +e 27 +.8,, 27 1)
The best prediction for output y is:

y(t+§)=G,(2)AU (t+ j-1)+F,(27) »(2) (22)

In which: G; =E;(Z"')B(Z™1)

In Eq. (21) The term G;(Z~1)AU(t +j — 1) including two
part, past and future. Sum of the past output term with F;(Z™")
is called free response (f) and system response to future value
is force response.

FGy(t+j)=G, (2" )AU (t+j-1)+F,(Z2 ") p(r) (23)

In this paper assume no constraint is excitant exist in the
system. By minimizing Eq. (13) the optimal control signal is
calculated as following:

9

—=2(GTG+AI)U +2G7 (£~ w)4 24)
Where:
U=(G"G+a1) G (w-f) (25)

In before equation, f represents the free response of the
system, A the weighting factor and w
trajectory.

the reference

V. SIMULATION RESULTS

In this section compression between MPC and PI controllers
are investigated. Output voltage when the converter load is
100W is showing in Fig 5 . From Fig 5,6 is deduced that the
MPC controller is faster (about 4 times) than PI controller and
its dynamic response is smooth but have some overshoot in its
response. From point of the steady state, both Pl and MPC have
the same response. For some application such as a protection
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system which requires fast dynamic MPC is the proper choice.
In Fig. 6 output current is shown that once again indicate MPC
is faster dynamic compared with PI and has some overshoot.

TABLEI
DC-DC CONVERTER PARAMETERS VALUE

Parameter  Unit Value

L mH .16

C uf 9.7

f kHz 20

A volt 12

v, volt 24

v, volt 70

[=——mrC
80
A\ E=s
70 —_—
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50
>N A\
Z 40—V
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Time (Seconds)

Fig. 5. Converter output voltage in 100W load.
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Fig. 6. (a) Inductor current with MPC controller, (b) Inductor
current with PI controller

A load step change test is used to verify the effect of
uncertainties in the load on the output voltage tracking
capabilities. In t = 0.1 S load is increased by change the load
resistance from

50 Q to 15 Q (about 70 % load increase) According to Fig. 7
it could be seen that MPC and PI have same speed and
undershoot to reach steady state but at t = 0.102s the overshoot
of MPC is more than PI controller method (about 2%).
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Fig. 7. (a) -Output voltage with 70% load increase by MPC
method, (b)- Output voltage with 70% load increase by PI
Fig. 8 shows output reference voltage when the load is twice
increased by changing the load resistance from 50 Q to 25 Q
(50% load increase). Due to this change in t = 0.1s, both
controllers have same undershoot and speed but the MPC
controller illustrate less transient oscillation to reach steady
state compared with PI controller.
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Fig. 8. (a) Output voltage with 50% load increase by MPC
method, (b) Output voltage with 50% load increase by PI method

Now, the input change effect on output voltage will be
investigated. Fig. 9 illustrates the output voltage when the
input sources work at 80% nominal value. As can be seen, The
MPC is faster about 3.5 times. Unlike PI controller at t = 0.004s
MPC demonstrate an overshoot.
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Fig. 9.
MPC method, (b)-Output voltage with 80% sources nominal

(a)- Output voltage with 80% sources nominal voltage in

voltage in PI method

Now, for investigation effect of sample time on the output
voltage of the MPC controller, it could be 10 times increased
and decreased. At first, sample time decrease to (7s = 0.000056
s) and after sample time is increased reach to (7s = 0.0056 s) .
As shown in Fig 10, in first case, output voltage response has
fast dynamic but steady state error is increased because in this
condition system tends to instability. According to Fig 10, in
this case, output voltage response has a slow dynamic but
steady state error is decreased and it close to the reference
value.

80 [—mpC

0 0.02 0.04 0.06 0.08 0.1 0.12
Time (seconds)

— MPC

20
0 0.05 0.1 0.15 0.2 0.25

Time (seconds)
Fig 10. Output voltage when sample time is 10 times increased
and decreased. (a) Ts = 0.000056s, (b) Ts = 0.0056s.

Runtime Evaluation

For illustrating the computational complexity of linear
and MPC controllers, their runtime when are implemented in
the microcontroller is compared together. This algorithm
implantation is developed by using the MATLAB/SIMULINK
code generation method.

s CcH»l!»

Generated Compilation through Run on Target Hardware
Code 3 party toolchain

Algorithm

Fig. 11. Code generation procedure in MATLAB

In this paper TMS320F28335 with 150MHZ CPU clock,
ARM cortex-M3 with 84 MHZ CPU clock and AVR atmega32
with 16 MHZ CPU clock are selected. Table II is showing
runtime results in different microcontrollers. From this table,
it is clear that the linear controller is implementable in all three



of the controller but GPC has the limitation in AVR
microcontroller. From this table is understandable that if the

GPC controller tuning parameter is changed, it affect the
runtime of this algorithm.

TABLE 11
CONTROL ALGORITHMS RUNTIME IN MICROCONTROLLER

Tms( Arm(Cortex- Avr(ATmega32)
28335) M3)
Linear 3.66 us 8.12 us 19.45 us
controller (PI)
Gpe ( Ts= | 486us 10.78 25.82
25us, N, =
10,N, = 2)
Gpe ( Ty=| 1245 27.44 65.72
2.5us, N, =
10,N, = 5)
Gpe ( T,= | 1432 30.15 74.56
2.5us, N, =
15N, = 2)

VI. CONCLUSIONS

In this paper, two strong candidate controllers are presented

for voltage control of the multi-input boost converter. The
transfer function of the output voltage to duty cycle is used to
controller design for both GPC and PI controller. From the
simulation result, the two control schemes exhibit good
performance Keeping all system variable within nominal rate,

i.e., output voltage and its ripple and inputs current. The results
illustrate that the GPC controller has a very fast dynamic
response and have robustness than PI controller again

changing system load and parameter mismatch. Rather than
GPC controller, PI has less output voltage steady state error.
Approximately same output voltage ripple has been obtained
by the two control scheme, however, by investigating the
computational burden in microcontrollers it can be seen the PI
controller consume low processing time and it can be

implemented with lower cost microcontroller.
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