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Abstract— Power control methods are introduced for the 

regulation of a multiple-input-multiple-output (MIMO) dc-dc 

converter. The sliding-mode control and the synergetic mode 

control techniques are contrasted. These two methods are studied 

for the stability that each portrays to a disturbance. The 

advantages and disadvantages of each scheme is studied. 

Simulation results are used in order to predict the most stable 

control scheme. The simulation and experimental results 

reinforced the argument for the efficacy of the desired control 

implementation. 
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I. INTRODUCTION 

Switch-mode power supplies (SMPS) are inherently 
nonlinear and time-varying systems. The design of high 
performance controllers for such nonlinear systems often 
represents a challenge to the designer. These controllers should 
ensure the stability of the system under varying operating 
conditions and provide good static and dynamic performance 
against input voltage disturbances and load changes. The 
controller should provide a good level of robustness in spite of 
large input voltage, output current and parameter variations. 

Control methods for power converters abound in the 
literature. The scope for control strategies for dc-dc converters 
are constantly increasing and improving. Linear control 
methods have initially dominated the research arena in these 
types of converters. This is primarily due to the ease with 
which linear control techniques can be implemented. However, 
due to the nonlinear nature of dc-dc power converter circuits, 
more and more nonlinear control methods are being adopted. 

Earlier studies conducted by the authors focused on control 
methods for an infrared emitter not engaging a buck converter. 
These methods included phase angle control methods involving 
the following: a triac [1], a solid-state switch [2] and a 
controllable dc drive [3]. Subsequently an implementation with 
a buck dc-dc converter was desired for its rugged design and 
better implementation of a digital controller solution. 

The modelling of the MIMO buck converter represented in 
state space by introducing the scheme into a Simulink model. 
Results of simulations are completed in accordance with the 
specifications of this project. 

 

 

II. REVIEW OF CONTROL METHODS FOR POWER 

CONVERTERS 

 

A. Voltage mode control 

In voltage-mode control, the output voltage is compared 
with a reference to generate a control signal, which drives the 
pulse-width modulator via some typical feedback 
compensation configuration. The characteristics of this design 
are that there is a single voltage feedback path, with pulse 
width modulation (PMW) performed by comparing the voltage 
error signal with a constant ramp waveform. 

The advantages and disadvantages of voltage-mode control 
are outlined below [4]. 

The advantages include: 

 A single feedback loop is easier to design and analyse. A 
large amplitude ramp waveform provides good noise 
margin for a stable modulation process. 

 A low impendence power output provides better cross- 
regulation for multiple output supplies. 

The disadvantages include: 

 It has slow response when there is any change in line or 
load output. 

 Compensation is complicated by the fact that the loop gain 
varies with output voltage. 

 With voltage-mode control, crossover has to be well above 
the resonant frequency, or the filter will ring. In a 
converter where the crossover frequency is restricted by 
the presence of a right-hand plane (RHP) zero, this could 
be impossible. 

 When moving from continuous-conduction mode (CCM) 
to discontinuous-conduction mode (DCM), the 
characteristics with voltage-mode control are drastically 
different. It is not possible to design a compensator with 
voltage-mode that can provide good performance in both 
regions. 

 Closing the current loop gives a lot of attenuation of input 
noise. For the buck, it can even be nulled under some 
special conditions, with the proper compensating sawtooth 
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ramp. Even with only a moderate gain in the voltage 
feedback loop, the attenuation of input ripple is usually 
adequate with current-mode control. With voltage-mode 
control, far more gain is needed in the main feedback loop 
to achieve the same performance. 

 

B. Current mode control 

It is possible to enhance the performance of a voltage-mode 
control by including information about the source. For current- 
mode control, an inner current loop is used in addition to the 
voltage feedback loop, the aim of which is to force the peak 
inductor current to follow a reference signal, which is derived 
from the output voltage feedback loop. Converter topographies 
that make use of inductor current sensing are termed current- 
mode controllers. Its major characteristics are that it uses the 
oscillator only as a fixed frequency clock and the ramp 
waveform is replaced with a signal derived from the output 
inductor current. 

The advantages and disadvantages of current-mode control 
are outlined below [4] 

Advantages 

 It has fast response to the changes of line voltage. 

 The error amplifier is used to commend an output current 
rather than voltage, the effect of the output, inductor is 
current and this allows both simpler compensation and a 
higher gain bandwidth over a comparable voltage mode 
circuit. 

 It's not a problem with current-mode control to have a 
control loop crossover at or below the filter resonant 
frequency. 

 With current-mode, crossing the boundary between the 
two types of operation is not a problem. The 
characteristics are almost constant in the region of 
crossover. Having optimal response in both modes is a 
major advantage, allowing the power stage to operate 
much more efficiently. Keeping a converter in DCM for 
all changes of load, line, temperature, transients, and other 
parameter variations can lead to severe component 
stresses. 

Disadvantages 

 Two feedback loops are making circuit analysis difficult. 

 The control loop becomes unstable at duty cycle above 
50% unless slop compensation is added. 

 Resonance in the power stage can insert noise into the 
control loop. 

 Either the switch current or inductor current must be 
sensed accurately. This requires additional circuitry, and 
some power loss. In most isolated power supplies, the 
switch current is sensed either with a resistor or current 
transformer. The current sensing must be very wideband to 
accurately reconstruct the current signal. A current 
transformer    needs    a    bandwidth    several    orders  of 

magnitude above the switching frequency to work 
dependably. 

 There is a worse load regulation when it is required to be 
used in multiple outputs. 

 Current-mode control can be unstable when the duty cycle 
of the converter approaches 50%. This does not occur 
abruptly at 50%, as some data books claim, but can 
manifest the problem even at lower duty cycles. A 
compensating ramp is needed to fix the problem, and this 
too can introduce complications. 

 The biggest problem in almost every current-mode supply 
is noise on the current sense signal. In many power 
supplies there is simply not enough signal to control the 
converter smoothly over the full range of operation. Even 
with the ideal current waveform the signal available for 
control is small. The peak of the current signal is limited 
by the PWM controller, usually to less than 1 V. Much of 
the available signal range can be taken by the DC value of 
the switch current. When the real current waveform with 
spikes and ringing is considered, the problem becomes 
even worse. Solutions include filtering, sensing the current 
waveform at different places (e.g., the output side of a 
buck inductor), and leading-edge blanking, where the 
initial part of the signal with the most noise is ignored. 
Even with these approaches, which all carry their own 
complications, current-mode can be unworkable. 

 
III. OVERVIEW OF DC-DC POWER CONVERTER 

CONTROLLERS 

All switching power supplies comprise a power stage and a 
controller circuit. The power stage performs the basic power 
conversion from the input voltage to the output voltage and 
includes an arrangement of switches and an output filter. The 
control circuit manages the amount of power that is delivered 
to the load. It should also contend with variations and 
fluctuations in both the input and output parameters. This 
section presents a brief overview of the control techniques 
employed for the buck converter. A more detailed study of the 
specific control method adopted for the buck converter in this 
study is presented in later sections. 

The control methods of dc-dc power converters fall into 
two broad categories: voltage-mode and current-mode control. 
Each of these methods has advantages and disadvantages for 
the particular converter topology used and the applications and 
that they are used for. The aim of all control techniques 
employed in power converter circuits is to ensure that the 
operation of the circuit is stable. This means that the system 
should adequately overcome any disturbances that the 
converter may be subjected to and return the operation as soon 
as possible to its desired output. The control techniques 
applicable to the buck converter are presented here. 

Very often, the power converters are modeled as linear 
systems, by neglecting the nonlinearities present and which 
occur naturally in these types of circuits. Initially the simplest 
control methods adopted for power converters have been linear 
controllers, such as the classical proportional (P) and 
proportional-  integral  (PI)  methods,  etc.  Linear  methods of 
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control are popular because of the ease with which they can be 
implemented. Linear control techniques are well established. 

A comparison between a proportional and a proportional- 
integral-derivative controller for an infrared heater has been 
conducted [5]. It was found that the proportional controller in 
that particular application marginally outperformed its PID 
counterpart. The application was that of the regulation of the 
infrared heater for an arbitrary temperature profile. 

A software-based energy management system by [5]  is 
used to control a bank of infrared ceramic heaters. The system 
uses LabVIEW to affect the control of the individual heaters in 
a grid of sixteen. 

There are many control techniques for power converters for 
various applications. Some of the more common types of 
controllers that may incorporate either current mode control, 
voltage mode control or both, include the following: sliding 
mode control [6-7]; synergetic mode control [8]; fuzzy control 
[9]; fractional order control [10]; ripple detection control [11]; 
duty ratio control [12]; hybrid posicast control [13]; multiple 
model control [14]; nonlinear predictive control [15]; adaptive 
seeking sliding mode control [16] and sliding mode control 
based on fuzzy logic [17]. Newer methods of control for dc-dc 
converters for various applications and systems are constantly 
being developed. 

For the purposes of this study, two controllers were 
evaluated: a sliding mode controller and a synergetic controller. 

 
IV. SLIDING-MODE CONTROL POWER CONVERTERS 

All controllers developed for power converters are indeed 
variable structure controllers, by the nature that the control 
action that changes rapidly between two states of the 
controlling switch which in turn oscillates the converter 
topology. As a result of this discontinuous control action, 
necessary from an efficiency rationale, the state trajectories 
move back and forth around a certain average surface and 
variables in the state space producing ripple. To avoid the 
effects of this ripple in the modeling and to apply linear control 
techniques to time-variant systems, average values of state 
variables and state-space averaged models or circuits were 
presented earlier. However, a nonlinear approach to the 
modeling and control problem, that takes advantage of the 
inherent ripple and variable structure behaviour of power 
converters, instead of trying to contend with them, would be 
advantageous, particularly if the result is an enhanced 
performance. 

With sliding-mode control (SMC), the state dynamics are 
made to move or ‘slide’ along a certain prescribed state-space 
trajectory. This is achieved by a high frequency switching 
signal that enforces the system trajectories onto the sliding 
surface after a finite time and ensures that they remain within 
the vicinity of the sliding surface towards the equilibrium pint 
and thereafter. The practical switching frequency is imposed 
from the ripple resulting from the allowed deviations from the 
trajectory. 

Sliding-mode controllers are known for their stability and 
robustness toward parameter line and load variations. 

The SMC method as illustrated in figure 1 is an efficient 
and easy control algorithm that could be implemented in 
MATLAB/Simulink and is gaining increasing importance as a 
control design tool in power systems and industrial applications 
for the robust control of linear and non-linear systems. Its 
strength results from the ease and flexibility of the 
methodology for its design and implementation. 

 
 

Figure 1.   Structure of sliding-mode control 

 

An illustration of the Simulink scheme is indicated in figure 
2. The modelling of this MIMO buck converter is represented 
in state space whereby it is introducing into Simulink model as 
shown in figure 3. Results of simulations are completed in 
accordance with specifications of this project. Nevertheless, the 
analysis of these results optimises the system operation so that 
the conclusion may be reached by selecting one or more 
effective control strategies for this converter system. 

However, in the formulation of any control problem there 
will, typically, be discrepancies between the actual plant and 
the mathematical model developed for controller design. This 
mismatch may be due to the variation in system parameters or 
the approximation of complex plant behaviour by a 
straightforward model. 

It must be carefully ensured that the resulting controller has 
the ability to produce the required performance levels in 
practice despite of the plant/model mismatches. This aroused 
intense interest in the development of robust control methods, 
which seeks to solve this problem. 

 
 

Figure 2.   Simulink sliding-mode control scheme 
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Figure 3.   A multiconverter control scheme 

 

A.    Simulation results 

Figure 4 indicates the buck converter at full power (230 V) 
with approximate ripple voltage of 200 mV. Figure 5 shows the 
inductor current with an approximate ripple current of 140 mA. 
Figure 6 indicates the input voltage signal undergoing 
switching. 

The objective of this study is to achieve the multiple-input- 
multiple-output (MIMO) technique for 16 buck converters  for 
16 infrared heaters with a constant input supply and load 
resistance. These heaters have the same supply voltage, but can 
have its operation at different temperatures. 

Therefore, the end-user will choose his setting of the oven- 
temperature which corresponds to the heat energy. The 
reference voltage in this study is being assumed as the setting 
of the heat energy. The MIMO technique with the SMC has 
been designed in such way that the change in reference voltage 
corresponds with the change in current and voltage 
simultaneously. This leads into the effective achievement of 
power-sharing within these infrared heaters without 
interruption from neither over current nor over voltage. The 
power flow may be either evenly or unevenly shared. The 
simulations and figures in show how this MIMO technique has 
been achieved. 

A control scheme for three buck converters is introduced 
with reference load voltages of 80V, 140V and 180 V and 
depicted in figures 7-9. 

 

 
 

Figure 4.   Load voltage ripple at 220V 
 

 

Figure 5.   Inductor current ripple 
 

 

Figure 6.   Input voltage switching waveform 

 

 

 

Figure 7.   Load voltage at 80V 
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Figure 8.   Load voltage at 180V 
 

 

Figure 9.   Load voltage at 140V 

 
 

V. SYNERGETIC MODE CONTROL 

The second controller considered is the synergetic control 
strategy. It is a version of current mode control as methodology 
control law, and the other is the proportional-integral- 
derivative (PID) control methodology, which is being used in 
this project. This method is completely analytical in its effort to 
synthesize the converter aggregated controllers based on fully 
non-linear models of the converter. 

For the synergetic control its major characteristics are based 
on the control strategy for active power sharing and it is used to 
complete the duty cycle of PWM signal. Some of its major 
advantages and disadvantages are given as, 

Advantages 

 It has fast response 

 It contributes better dynamic performance to the control 
system 

 It eliminates the steady-state error in the inductor output 
current 

Disadvantages 

 Synergetic control approach requires more control inputs. 

The methodology of PID approach in synergetic control is 
based on close loop feedback system in such way that it 
provides asymptotic stability (steady-state) with respect to the 
required converter operating modes. However, the 
disadvantage of this approach is that this control strategy is a 
static control and is affected by the load variation. Therefore, 
the implementation of this control into MIMO is complex and 
ineffective. 

The controller design as indicated in figure 10, consists of 
PID structure, and a repeater sequence block at which its 
function acts like saw tooth signal. It is independent from the 
design specification; it is there for signal comparison purpose 
in order to produce a correct pulse width modulator (PWM). 
The PID controller is designed by using Ziegler-Nichols 
second method. 

 

 
 

Figure 10. Synergetic controller subsystem 

 

A.    Simualtion results 

When the reference voltage is changed to another set point, 
the controller is affected and the output reaches steady state. 
Figures 11- 13 illustrate the load voltage ripple at 75V, the 
inductor current ripple at 0.57Aand the input voltage switching 
waveform. 

The input waveform experiences an instability at a load 
voltage of 220V as illustrated in figure 14. This is an indication 
that the synergetic controller developed requires further design 
implementation. In comparison between the sliding-mode 
control and synergetic control operation, the better 
performance is achieved with the SMC scheme. The dc-dc 
power converters incorporating the SMC method provide 
consistent and predictable results throughout the operation 
cycle. 

 

 
 

Figure 11. Load voltage ripple 
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Figure 12. Inductor current ripple 
 

 

Figure 13. Input voltage switching waveform 
 

 

Figure 14. Input waveform instability 
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