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Closed loop Buck & Boost Converter
Mathematical Modeling, Analysis and
Simulation using MATLAB
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Abstract: This article presents the converter circuit analysis,
mathematical modeling followed by deriving its average state
space equations. The model so obtained is simulated in MATLAB
in open loop and closed loop configuration and changes in the
output are observed. Specifically, Buck & Boost converters with &
without its controller at steady state and study of their transient
responses to the changing inputs with a controller design and its
implementation on SIMULINK model is presented here. The
method used to control the output of the converter is Proportional
and Integral error correction that is a PI controller which is used
to reduce errors and stabilize the variable input fed to the Buck or
Boost converters. The tool used to design the controller
parameters is PID Tuner application in in MATLAB. The
analyses plots derived using the tool lets us examine the controller
performance in time and frequency domain. The advantage of the
tool used is, it allows user to interactively refine the performance
of the controller to adjust loop bandwidth and phase margin or to
favor a set-point tracking or disturbance rejection. The designed
converters are analyzed in current mode control and voltage mode
control to switch on/off. The long term goal is to have a
sophisticated controller design for buck & boost converters for the
application where variable input is fed to them, so as to allow its
simulation to fully understand how the converters behave when
controller is implemented. The model tested here are of the similar
nature that are being used in standalone solar or wind energy
generation & distribution systems. The variable nature of the
input tested here with Buck & Boost converters reflects the
variable nature of the output of the renewable energy sources and
that broaden the scope of these converters to be implanted with
such standalone energy systems.
Keywords: Boost Converter, Buck converter, Current Control
Mode, Voltage Control Mode

I. INTRODUCTION

The voltage-mode controlled regulator, the PWM signal
is generated by applying a control voltage to one comparator
input and a saw-tooth voltage of fixed frequency, generated
by the clock, to the other. The duty cycle of the PWM signal is
proportional to the control voltage and determines the
percentage of the time that the switching element conducts.
The control voltage is derived from the difference between
the actual-output voltage and the desired-output voltage. [1]
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The more efficient control scheme that finds a wide
application is current mode control. In this type of control the
Inductor current is used as a feedback state. The current-mode
control technique derives the PWM ramp by adding a second
loop feeding back the inductor current. This feedback signal
comprises two parts: the AC-ripple current, and the DC or
average value of the inductor current. An amplified form of
the signal is routed to one input of the PWM comparator while
the error voltage forms the other input. It will generate PWM
pulses, which will act as a controlling signal to the power
electronic devices. [14] The advantage is the ease to control
and integrate. The voltage transformation in dc-dc converter
is achieved by using the technique of PWM (pulse width
modulation). The power needed for pulse train is very small
and can be neglected.
There are different combinations of switching devices
using different energy storing elements used as switching
regulators. These switching regulators convert the
unregulated dc input to an accurate and desired dc output
voltage. Based on the control and regulation of the
voltage/current at the output terminals from an input source,
the switching regulators can be divided as: Isolated &
Non-isolated converters. [2] The transfer of the energy from
the input to the output side is done using electromagnetic
field. This can be achieved using a mutually coupled magnetic
component thereby isolating the input and the output. So this
type of DC-DC converter cannot be used where it is desired to
have the ground terminal of input and output at different
potentials (for example, in case of gate drive circuit of an
inverter's devices). Also, if the transformation ratio between
the input & output voltage is too large/low, the
on-time/off-time of the device becomes comparable to the
device turn-on/turn-off time. Therefore, in such cases,
isolated type DC-DC converters are more advantageous.
There is no isolation in between the input and the output, i.e.
the current flows through a common path during the operation
from the source to the load. The selection of converters from a
variety of switching system available in the market is based on
certain parameters (cost, performance, characteristics) which
are determined by the user and the system application. [3]
This paper will limit its consideration to the first two types
of non-isolated converters (Buck & Boost). This paper
presents the converter circuit analysis,
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mathematical modeling followed by deriving its average
state space equations. The model so obtained is simulated in
MATLAB in open loop and closed loop configuration and
changes in the output is observed. PI controller is used here to
reduce the errors. These DC-to-DC power converters steps
up/down the voltage (while stepping down/up the current)
from its input (supply) to its output (load). The DC input to a
buck or boost converter can be from many sources as well as
batteries, such as rectified AC from the supply mains, or DC
from solar panels, fuel cells, dynamos and DC generators.
II. MODELING OF BUCK & BOOST CONVERTER
A. Buck or Step-Down converter
In the step-down or buck converter, average dc output
voltage Vo is less than the input unregulated dc voltage Vs.
Thus, it is a voltage step-down and current step-up converter.
A simplified circuit diagram is shown in figure below.

Fig.1 Buck Converter [13]
The transfer function for the buck converter is derived by
equating the voltage-time product of the inductance in the ON
and OFF conditions. The products so obtained for ON and
OFF conditions must be the same because of the energy
conservation principle.

b) Current Control Mode
In this type of control the peak of the output filter inductor
current is controlled to a set point value. This set point value is
determined by the output of the controller and varies on a
cycle-by-cycle basis.
Initially, the switching device is turned on with no
pre-determined duty cycle given by the clock pulse which sets
the S-R latch. The sensed inductor current is then compared
with the desired current by means of a current comparator.
When the sensed inductor current intersects with the desired
current, the current sense comparator resets the S-R latch,
which turns off the switching device.
Therefore, the duty cycle is not set by the controller and is
determined by the rise of the inductor current during the
on-time. The modulation of the duty cycle differs significantly
from that of voltage mode control, and as such, the design of
the compensator differs also.

Energy equations during ON condition: EIN = (VIN –VOUT) tON
Energy equations during OFF condition: EOUT = VOUT tOFF
Using above equation,
Fig.3 Buck Converter current control loop [1]
The DC gain for the current mode buck converter is:

a) Voltage Control Mode
The controller manipulates the error term depending on the
type of controller that is being used. The output of the
controller is the new value of the duty cycle which is used as
an input to the power stage and modulates the switching
devices so as to close the control loop and provide a regulated
and stable output voltage. [5]
VERROR = VREF - VOUT

The power stage output filter consists of an inductor and a
capacitor that normally forms a double pole due to resonance
formed between the inductor and capacitor. In current mode
control, the inductor’s current is controlled on a
cycle-by-cycle basis, and therefore the inductor acts as a
constant current source.

Fig.2 Buck Converter voltage control loop
The transfer functions of the LC filter:
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This implies that the plant power stage no longer contains
the double pole present when operating under voltage mode
control and the plant power stage now only contains a single
plant pole. This control method results in a single plant pole at
lower frequencies. This removes the crossover frequency
restriction around the double pole found in voltage-mode
controlled converters and therefore allows for easier
stabilizing of converters with a right-half plane zero.
B. Boost or Step-Up Converter
In the step-up or boost converter, average dc output voltage
Vo is more than the input unregulated dc voltage Vs. Thus, it is
a voltage step-up and current step-down converter. A
simplified circuit diagram is shown in figure below. [3]

Fig.4 Boost Converter [13]
The transfer function for the boost converter is derived by
equating the voltage-time product of the inductance in the ON
and OFF conditions. The products so obtained for ON and
OFF conditions must be the same because of the energy
conservation principle.

The boost converter adds a new complexity to the control
problem which is caused by the fact that when the boost
converter switch is turned on for a longer period of time, the
inductor is disconnected from the load for a longer period of
time which makes the output initially drop, even though the
control command is trying to make it increase.
b) Current control mode
Current-mode control which is also called as current
programmed mode or current-injected control is a
multiple-loop control method that contains two loops (an
inner current loop and an outer voltage loop). There are
several types of current mode control methods, and the most
popular method is fixed-frequency peak-current-mode
control with fixed-slope compensation ramp. The technique is
called current-mode control because the inductor current is
directly controlled, whereas the output voltage is controlled
indirectly by the current loop. [4] A control reference is used
to regulate the peak current of the converter directly. Figure
shows the schematic of the boost converter with current-mode
control:

Energy equations during ON condition: EIN = VIN tON
Energy equations during OFF condition: EOUT = (VOUT-VIN)tOFF

Using above equation,

a) Voltage control mode
Voltage-mode control which is also called as the duty-cycle
control contains a single loop and adjusts the duty cycle
directly in response to changes in output voltage.

Fig.6 Boost Converter current control mode [1]
C. Inductor and Capacitor behavior
The basic concept of operation is that every time the switch
is closed, current builds up in the inductor. When the switch is
opened, the current can't stop instantly and so it's forced to
flow into the capacitor until the current dissipates. If the
switch is closed again, the diode ensures that the capacitor
won't discharge back through the switch. This process of
opening and closing the switch can be repeated many times
with each cycle adding more charge onto the capacitor until a
limiting value of voltage is attained.

Fig.5 Boost Converter voltage control mode [1]
The equation for the control-to-output transfer function is:
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a) Inductor property
Inductor stores energy in the form of magnetic field, and
electric current is responsible for it. Therefore electric current
flowing through the inductor cannot change suddenly. An
applied voltage will cause current through the inductor to
build up over time at a rate inversely proportional to its
inductance (L1). That process is governed by the equation:

A MATLAB code was developed which simulates the
behaviour and makes the plot with the title "Initialization
Period" which is given in figure. It can be seen that with the
components chosen, the whole initialization process is in less
than 1/100th of a second, so one may not be able to observe it
easily without a storage scope. To reach 99% of the steady
state current took just about 5 milliseconds.
Fig.8 Inductor current in two cycles
We can find the recommended inductor values in a
datasheet. An inductor is chosen from this range. The higher
the value of L, the higher is the maximum output current
because of the reduced ripple current. In general, the lower
the inductor value, the smaller is the solution size. The
inductor must always have a higher current rating than the
maximum current because as the current increases the
inductance decreases. If no inductor range is provided, the
following equation is a good estimation for the right inductor:

A good estimation for the inductor ripple current is 20% to
40% of the output current.

Fig.7 Initialization period (Inductor Current)

Table.1 Instantaneous current at various times
Time

Instantaneous Current

For
For
For
For
For
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b) Capacitor property
Capacitor stores energy in the form of electric field, and
voltage across it, is responsible for the stored energy.
Therefore voltage across capacitor cannot change suddenly.
Now let's say that after letting the system initialize with the
switch closed (ON), the switch is now opened (OFF). The
capacitor becomes important at this stage because the only
possible path for the current to flow is forward through the
diode and into the capacitor. Voltage across the capacitor will
build up over time at a rate proportional to the current and
inversely proportional to the capacitance (C1)
With the help of a voltmeter, the voltage across the
capacitor is measured so that one can track the behaviour of
the capacitor as the voltage changes. Note that voltmeter
actually allows some current to flow. We usually can neglect
this, but here in this case, it is considered as it is to be
modelled. Let's say the voltmeter acts like a resistor with fixed
resistance of Rload.
A MATLAB code was developed that simulates the
circuit's behaviour and makes another plot which is entitled
"Switch Opened after Initialization Period".
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Table.2 Instantaneous current at various times
Time

Capacitor Current

For
For
For
For
For

Fig.9 Capacitor voltage
Given the components chosen, the build-up of voltage
happens even faster than the build-up of current did in the
previous phase. The time constant should be resistance
multiplied by capacitance, meaning the resistance of the
inductor at 0.5 ohms times the capacitance of 220
micro-Farads. The "micro" part is essential here! That's just
about 0.1 milliseconds for a time constant. And note the
highest electric potential attained across the capacitor was
about 8V, as shown in the simulation result in figure. One
could guess that, by assuming that the energy built up in the
inductor was converted efficiently to energy in the capacitor.
That would imply:
So rearranging gives,

Fig.11 Capacitor voltage in 50 cycles
The minimum value for the input capacitor is normally
provided in the data sheet. This minimum value is necessary
to stabilize the input voltage due to the peak current
requirement of the switching power supply. Low-equivalent
series resistance (ESR) can be used. The value can be
increased if the input voltage is noisy
D. State Space equations
Assuming that all components are ideal, that is no internal
resistance in the circuit and the circuit components that don’t
consume any energy. By following the averaging method to
derive the following:
a) Boost Converter
When switch is closed –

When switch is open –

Averaging the state space matrix of two different working
modes, we get the average model.

Fig.10 Capacitor voltage in second cycle
The current in the inductor when the switch is closed was
about 5 Amps, so the change in voltage would be predicted
from conservation of energy to be 8 Volts. The Voltage
reached 99% of that steady state value in 1 millisecond. The
voltage build up was about 5 times faster than the current
build up. When switch is closed, by using KCL we will have:
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b) Buck Converter
When switch is closed –

When switch is open –

Averaging the state space matrix of two different working
modes, we get the average model.

Fig.13 Flowchart for converter design
E. Flow diagram
If all the parameters are designed, the calculation of the power
stage can take place which can be realized with the procedure
given in below:

1.

Obtain an open-loop response and determine what
needs to be improved
2. Add a proportional control to improve the rise time
3. Add a derivative control to improve the overshoot
4. Add an integral control to eliminate the steady-state
error
5. Adjust each of Kp, Ki, and Kd until a desired overall
response is reached.
An integral controller (Ki) decreases the rise time,
increases both the overshoot and the settling time, and
eliminates the steady-state error. For the given system, the
closed-loop transfer function with a PI control is:

Here, the proportional gain (Kp) is reduced because the
integral controller also reduces the rise time and increases the
overshoot as the proportional controller does (double effect).
The frequency response for the boost converter with
current mode control is shown in figure 5.7. The duty cycle
with switching frequency 20 kHz is varied from the 0.333 to
0.78 to observe the transient in inductor current of Boost
Converter with current control mode. The values of Kp and Ki
are taken as 0.87 and 457 respectively, obtained from the
following transfer functions. With similar method, PI
parameters are derived for buck converter. A MATLAB code
was developed to obtain the transfer function given below:

Fig.12 Flowchart for modeling of the converter
III. CONTROLLER DESIGN
A PI controller for a given system is designed; following
steps are to be followed to obtain a desired response and the
procedure to design is given the figure below:
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Crossover frequency obtained from the above transfer
function for Boost converter in current control mode by
drawing frequency response plot with help of MATLAB
code, is 975 rad/s.

Fig.16 Simulation results for Buck Converter in Open
loop with variable input
What is desirable is to have regulated constant output
which is within the tolerable limit, for inductor current and
output voltage it is 5% to 10%. To prevent the output from
increasing or decreasing in the multiple (here multiplication
factor is duty cycle), duty cycle must be changed whenever
input supply changes. It can be done by varying PWM pulses
with the help of a controller and to reduce ripples a filter is
required.

Fig.14 Effect of input voltage variation on the Control
Characteristic of the Boost Converter
The boost converter also has a resonant frequency which
changes with the input voltage as is shown in the control
equations. Above figure shows graphically how the
characteristics of the boost converter can vary dramatically
with a wide input voltage.
IV. SIMULATION & ANALYSIS
A. Buck Converter

Fig.17 Buck Convertor – Closed loop
If the input voltage is variable in nature a controller is
designed which will reduce ripples as well as give regulated
and required output when input is variable. The figure 18
shows results for buck converter with constant input in closed
after designing a controller. It can be said after observing the
above figure that the output voltage is constant at 24 V and
ripples in inductor current are less than 5%, which are in
tolerable limits. Also, it has been observed from the
simulation result that the PI controller can get zero tracking
error, and is proper for voltage control.

Fig.15 Buck Convertor – open loop
The inductor current and output voltages has ripples which
are not in tolerable limit, it is approximately more than 10% of
the average value of the quantity. It can be seen in figure given
below:
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Results for Buck Converter in Closed loop with variable
input are given in figure 19. When the figure is compared with
figure 18, it can be concluded that with the variable input
voltage supply, the resulting output voltage remains constant.

Fig.19 Simulation results for Buck Converter in Closed
loop with variable input
B. Boost Converter

Fig.22 Boost Convertor – Close loop
To have lesser variations in output voltage converter is
operated in closed loop with a controller. Figure 24 shows the
response of the boost converter in closed loop for variation in
input. The variation in output is lesser as compared to the
open, it can be said that it almost constant, because it is in
tolerable limits.

Fig.23 Simulation results for Boost Converter in Closed
loop with Constant input
Fig.20 Boost Convertor – open loop
Results obtained for boost converter for open loop with
variable input is shown below in figure 21 in which the output
voltage is varying with the variation in input voltage. The
large variations can be seen in output of the boost converter
with lesser variations in input variations.

Fig.24 Simulation results for Boost Converter in Closed
loop with variable input
V. CONCLUSION
The design and simulation of PI controllers for Buck &
Boost converters for constant as well as variable input is
successfully tested with the selected and calculated element
values for open loop and closed loop. An integral controller
(Ki) helped in decreasing the rise time, increasing both the
overshoot and the settling time, and eliminating the
steady-state error.
Fig.21 Simulation results for Boost Converter in Open
loop with variable input
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The proportional gain (Kp) was reduced because the
integral controller and also reduced the rise time and
increased the overshoot as the proportional controller does
the double effect. To find the parameter values for PI
controller MATLAB provided tools for automatically
choosing optimal PID gains which makes the trial and error
process smoother and faster. It has been observed from the
simulation result that the PI controller can get zero tracking
error, and is proper for voltage control.
It can be concluded that with the variable input voltage
supply, the resulting output voltage remains constant. The
designed model behaves efficiently with below 5% ripple
current under the rapid variations of input voltage as obtained
in the MATLAB Simulink model. The converters along with
controllers are well designed that such prototypes are
implementable in applications such as Microgrid, Standalone
solar power control, Standalone Wind power control. It is
feasible to use this model with DSP processor for the control
operation for various applications like DC distribution
system, Microgrid energy management system.
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