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ABSTRACT
As the demand for more efficient alternative energies increases, the demand to
make the power electronics that go along with those energies increases as well. One
of the major power components for photovoltaics is the DC-DC converter required to
increase the voltage produced.
A hybrid DC-DC boost-forward topology was explored. A switch on the secondary
side can be turned off and the converter will take the characteristics of a boost
converter. These predictions were confirmed by simulating this cirucit in MatLab
Simulink, and finally by building a prototype circuit.
A desired output of 170V − 100W was produced and the efficiency was measured.
The boost-forward converter peaked at about 85% efficient which was below the 94%
efficient boost converter. The boost-forward converter, however, was found to have
a higher efficiency than the boost converter when the input voltage was below 34V .
The circuit is designed to work as a boost converter when the input voltage is above
34V . When the input drops below that voltage the converter can be put into the
boost-forward converter configuration by closing the switch on the secondary side.

1
BACKGROUND
Structure of Solar Power Systems
The demand for alternative energies has grown for several years. With this demand
more efficient technologies have been explored. Distributed generation is becoming
more common as benefits of producing power near the desired load become more
clear [1]. Solar panels are attractive distributed generation sources. Photovoltaic
(PV) cells are environmentally friendly once they are made but have some other
drawbacks [2]. They produce a low voltage that is not compatible with the electric
grid and common appliances. This means that the power must first be converted into
a higher voltage and then inverted to an AC voltage. Also, the PV voltage is prone
to fluctuations due to variables like shading and angle of the sun [3].
One method used to produce a large DC voltage from PV modules is to put several
in series. Figure 1.1 on the following page shows the outline of how this system is put
into use. The power from the PV modules are put directly into a DC-AC inverter.
This system does not require a DC-DC converter meaning the power loss to this part
of the system does not exist. There are however several large drawbacks. If there is
any shading on any of the PV modules the voltage will drop across the whole system
and will possibly make the power produced by the rest of the modules unusable. This
system also limits the control of the DC voltage going into the DC-AC inverter again
putting limits to when the power from the PV can be used.
Another method used is to dedicate a DC-DC converter and a AC-DC inverter to
each module. Figure 1.2 on page 3 shows the outline of how this system is put to use.
The power from the PV module is directed into a DC-DC converter that has high
gain capabilities and then to a DC bus. It is then sent to a DC-AC inverter and then
to the grid or a load. This method makes shading less of an issue as each module has
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Figure 1.1: This PV system requires several PV modules to be put in series in order
to achieve the voltage required for the DC-AC inverter.
its own DC-DC converter. This however introduces new sources of power loss to the
system. The DC-DC converter is also required to produce a large gain which can put
strain on its components and also make the converter less efficient.
High Gain Step-Up DC-DC Converters
In the area of power electronics, DC-DC converters are considered to be one of the
largest branches of study with over 500 different topologies [4–7]. These converters are
commonplace in everything from power sources for computers to high power PV [8,9]
and fuel cell [10] distributed generation. This area of power electronics is always
expanding.
The motivation for this project was to design and implement a high gain DC-DC
converter for a PV system. In order for a simple DC-AC inverter to produce a 120 V
AC signal the DC input must be at least 170 V DC. A 100 W PV panel has a voltage
output of about 36 volts. Traditionally a step-up DC-DC converter with a high duty
ratio is used in order deliverer such a large gain. When the input voltage from the
PV is lowered the boost converter must be pushed to a larger duty ratio or just shut
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Figure 1.2: This PV system utilizes DC-DC converter in order to produce a voltage
that can be used by the DC-AC inverter.
off. Using large duty ratios can have negative impacts on the system efficiency such
as MOSFET conduction loss making the DC-DC boost converter less efficient.
This paper explores a novel DC-DC boost-forward converter topology. The goal
is to obtain large DC gains when the PV is outputting a lower voltage and to obtain
higher efficiency when the voltage output of the PV is high. Figure 1.3 is the proposed
topology of the boost-forward converter. The switch on the secondary side of the
transformer can be turned off so the topology is similar to a boost converter or it can
be turned on to obtain a larger gain.
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Figure 1.3: Topology of the proposed hybrid DC-DC boost-forward converter. When
the switch on the secondary side is open the system behaves similar to a boost converter and when it is closed it behaves like a boost-forward converter.

5
DC-DC CONVERTERS
Hundreds of different DC-DC converter topologies have been proposed [4]. This
section will explore a boost converter, forward converter, full-bridge converter, halfbridge converter, and recent high gain converters that have been proposed and researched. The purpose is to give a strong background of the operation of common
converters. With each converter the following will be explored:
• Topology: the physical layout of the converter.
• Operation: how the parts in each converter interact to get a desired output.
• Benefits.
• Short-Comings.
The DC-DC converters that will be explored use fast switching frequencies. The
control of the output voltage depend of the duty ratio. The duty ratio D is defined as
the amount of time a switch is on TON divided by the period of one cycle T . Figure
2.1 demonstrates how the duty ratio is determined, it is defined as the amount of
time a switch is on divided by the time period of one cycle.

D≡

TON
T

(2.1)

The terms continuous conduction mode (CCM) and discontinuous conduction
mode (DCM) refer to the current through an inductor that stores and releases energy.
If the current through the inductor does not reach zero then the system is considered
in CCM. However, if the current does reach zero the system is in DCM. Figure
2.2 shows the waveforms of the two modes. This paper will explore each converter
reviewed and analyzed in operation of CCM.

6

Figure 2.1: Duty ratio is defined as the amount of time a switch is on divided by the
time period of one cycle.

Figure 2.2: The waveform in figure (a) is considered to be in continuous conduction mode (CCM). The waveform in figure (b) is considered to in in discontinuous
conduction mode (DCM).
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Figure 2.3: Topology of a DC-DC boost converter. When operating in CCM this
Vi
.
converter has a gain of Vo = (1−D)
Boost Converters
Topology
Figure 2.3 shows the topology of a DC-DC boost converter. The main parts are
an inductor, a switch, a diode, and a capacitor.
Operation
The boost converter uses fast switching on the order of 100kHz in order to control
the gain produced by it [11]. Figure 2.4 shows the current and voltage wave forms
that are produced for the circuit of Figure 2.3.
First the switch is turned on meaning there will be current flow through it. When
this is the case, the voltage across the inductor, vL , is known to be the input voltage,
Vi . It is also know that the voltage across an inductor is proportional to the change of
current over the change of time where L is the inductance of the inductor. Therefore
the ∆iL can be found for when the switch is on.
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Figure 2.4: The wave forms over one cycle period T of the DC-DC boost converter
that is operating in CCM. The figure displays the gate to source voltage(VGS ), the
switch voltage and current(VS , IS ), the inductor voltage and current(VL , IL ), the
diode voltage and current(VD , ID ), and the capacitor current(IC ).
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Vs = vL = L

∆iL =

∆iL
∆ton

VS ∆ton
L

(2.2)

(2.3)

Because the output voltage Vo is greater than ground (Figure 2.3), the diode
will not be conducting and the current through it will be zero. Therefore the current
through the switch is forced to be the same as current through the inductor. Assuming
the switch to be ideal the voltage across it will be zero at this time.
Next the MOSFET switch S is turned off meaning the current through it will be
zero. The diode will then conduct meaning the voltage across it is very close to be
zero. The voltage across the inductor at this time is therefore the difference between
the input voltage Vi and output voltage Vo . Again the change of current over the
change in time must remain proportional to this value.The change of current ∆iL can
then be solved for when the switch is off.
∆iL
∆tof f

(2.4)

(Vi − Vo )∆tof f
L

(2.5)

Vi − Vo = vL = L

∆iL =

For this to operate at a steady state the ∆iL for when the switch is on, and when
the switch is off must sum to zero. Using the definition of duty ratio, Vo can be solved
for as a function of duty ratio and input voltage Vi .
Vi D (Vi − Vo )(1 − D)
+
=0
L
L

(2.6)
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Vo =

Vi
1−D

(2.7)

In order to find the minimum inductor value for L1 the input power and output
power are set equal to each other. The minimum inductance is then calculated as a
function of switching frequency (f ), resistive load (R), and duty ratio(D) [11].

Lmin =

D(1 − D)2 R
2f

(2.8)

The last parameter that needs to be calculated is the capacitor value. The capacitance relationship to the load resistance determines the time constant τ . This τ , along
with switching frequency f determine the amount of voltage ripple the circuit will
have. The amount of allowable ripple must be decided upon. For most applications
a ripple of 1% to 10% is used. The minimum capacitance is then calculated as a
function of switching frequency (f ), resistive load (R), and duty ratio(D) [11, 12].

Cmin =

DVo
Rf ∆Vo

(2.9)

Benefits
The boost converter is a low cost converter with a simple topology that can be
easily adjusted and is able to achieve high gains. The gating on the switch can be
done with well developed microchips or integrated circuits. In order for the boost
converter to work properly it must have a smooth input current which is consistent
with the type of current produced by a PV module. High efficiency can be achieved
with medium and low duty ratios.
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Short-Comings
As the duty ratio approaches one, the output voltage should approach infinity.
However, because the circuit elements are not ideal (diode and switch voltage drops,
capacitor resistances, inductor resistances, switching loss) the output is limited [11].
It is common to limit the duty ratio of a boost converter to below 0.90 or 0.95 in
order to avoid short circuiting the switch. Also as the the duty ratio gets closer to
one, the output voltage becomes more sensitive to any changes in the duty ratio. This
can make it to more difficult to control the voltage at higher gains. The output of a
boost converter can not achieve a gain below one.
The switch is also an area of trouble. It must have a high voltage rating due to
having voltage Vo across it when the switch is “off”. This sometimes requires a switch
that will have a slower switching time, or have a higher forward resistance.
Forward Converters
Topology
Figure 2.5 shows the topology of a DC-DC forward converter. The main parts are
a transformer, a switch, three diodes, an inductor, and a capacitor.
Operation
When the switches on the primary side are turned “on” the voltage across the
primary windings of the transformer (vp ) is equal to the input voltage (Vi ). The
secondary side voltage (vs ) is equal to the the turns ratio multiplied by the primary
side voltage.
vp = Vi
vs = vp

Ns
Ns
= Vi
Np
Np

(2.10)
(2.11)
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Figure 2.5: Topology of a DC-DC forward converter. When operating in CCM this
Ns
.
converter has a gain of Vo = Vi D N
p
It can be seen that the primary side diodes, D1 and D2 , are “off” and not conducting.
Diode D3 is in the “on” condition with nearly zero voltage it. Therefore, the
voltage across the inductor can be found.

vL = vs − Vo = Vi

∆iL
Ns
− Vo = L
Np
∆t

(2.12)

Using the definition of duty ratio (D), the ∆iL for when the switch is turned on can
be found.
Ns
D
∆iL = Vi
− Vo
Np
L




(2.13)

When the switches (S1 , S2 ) are off, the magnetizing current of the transformer
go back through the transformer in the opposite direction. The two primary side
diodes are then conducting and therefore the voltage across the primary side of the
transformer is −Vi . Therefore the secondary side voltage of the transformer can be
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Figure 2.6: The wave forms over one cycle period T of the DC-DC forward converter
that is operating in CCM. The figure displays the gate to source voltage(VGS ), the
switches voltage and current(VS1 , VS2 , IS1 , IS2 ), diodes D1 , and D2 voltage and
current(VD1 , VD2 , ID1 , ID2 ), the primary and secondary side voltages(Vp , Vs ), diode D3
voltage and current(VD3 , ID3 ) ,diode D4 voltage and current(VD4 , ID4 ), and inductor
voltage and current(VL , IL ).
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found.
vs = vp

Ns
Ns
= −Vi
Np
Np

(2.14)

Diode D3 must then be in the “off” position meaning there will not be any current
going through the secondary side of the transformer. Diode D4 will be in the “on”
position meaning the voltage across the secondary side inductor is known.

vL = −Vo = L

∆iL
∆t

(2.15)

Again, using the definition of the duty ratio, the ∆iL can be found for when the
switches are “off”.
∆iL =

−Vo (1 − D)
L

(2.16)

In order for this converter to maintain a steady state, the change of current when the
switch is “on” added to when the switch is “off” must be equal to zero. Vo can then
be solved for.
Ns
D −Vo (1 − D)
−
=0
Vi
− Vo
Np
L
L





Vo = Vi D

Ns
Np

(2.17)

(2.18)

Selecting a minimum inductor value for the secondary inductor is similar to that
of the boost converter. First, a decision about how much ripple in the DC current is
acceptable needs to be made. From here the the inductance can be solved for using
equation 1.13.
Ns
D
= Vi
− Vo
Np
f ∆iL


Lmin



(2.19)

The minimum capacitance can be found by determining the acceptable ripple
voltage at the output. Similar to the boost converter the ripple depends upon the
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time constant τ . This time constant is the relationship between the capacitance C
and the resistance of the load. With this the capacitance can be calculated.

Cmin =

DVo
Rf ∆Vo

(2.20)

Benefits
The forward converter can achieve both large gains above one and small gains
that are below one depending on the turns ratio

Ns
Np

and the duty ratio D. This also

means that the output voltage Vo is not completely dependent on the duty ratio. The
forward converter is not a complex circuit and while using more elements than the
boost converter it has relatively few parts.
Short-Comings
The downside of a forward converter revolves around the transformer itself. While
a higher turns ratio will give a larger output voltage, it will also make the system
less efficient. This is because the leakage flux for the primary and secondary side
increases. The transformer core can only handle a certain amount of magnetization
until it saturates out and leaves its linear region. Finally, adding the long wires
needed to produce a transformer introduce copper losses and noise into the system.
Boost-Flyback Converter
Topology
The boost-flyback converter is a converter that has been recently proposed [6].
This converter puts a flyback converter on top of a boost converter. The inductance
of the transformer is used as the inductance of the boost converter. Figure 2.7 shows
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Figure 2.7: Topology of a DC-DC boost-flyback

converter. When operating in CCM
this converter has a gain of Vo = Vi

Ns
Ns
1+2 N
−D N
p

p

1−D

.

the topology used for this converter. This topology uses one switch, four diodes, four
capacitors, and a transformer.
Operation
In order to analyze this circuit first the switch is assumed to be “on”. If this is
the case both D3 and D4 are not conducting and the following is known.

vp = Vi

− vs = VC1 = VC2 = −Vi

(2.21)
Ns
Np

(2.22)

When the switch is turned “off” current then flows though both D3 and D4 , therefore
the following can be found
vp = Vi − VC4

(2.23)
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VC3 = VC1 + VC2 + (Vi − VC4 )

Ns
Np

(2.24)

With both of these sets of equations and assuming that the converter is at steady
state the following volt-second balance principle [6] can be used, where D is the duty
ratio and T is the time period.
Z DT
0

Z DT
0

(Vi )dt +

(VC1 )dt +

Z T
DT

Z T
DT

(Vi − VC4 )dt = 0

(2.25)

(VC1 − VC3 )dt = 0

(2.26)

The output voltage can be found to be the sum of VC3 and VC4 and simplified into
the following.


1+
Vo = Vi

Ns
2N
p

−

Ns
DN
p



(2.27)

1−D

Figure 2.8 shows the waveform that a boost-flyback in CCM would exhibit.
In order to select the proper transformer the correct magnetic inductance must
be first selected. The method used by the designer of the circuit was simular to that
of the boost converter. The minimum inductor value in order to keep the converter
in CCM was calculated to be the following [6] where R is the resistive load and f is
the switching frequency.

Lmin =

RD(1 − D)2


f2 1 +

Ns
Np



Ns
Ns
1 + 2N
− DN
p
p



(2.28)

Benefits
The single switch boost-flyback converter stacks a flyback converter on top of a
boost converter. This allows the circuit to maintain a high step-up gain while utilizing
a lower duty ratio. The transformer’s turns ratio can be selected in order to achieve
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Figure 2.8: The waveforms over one cycle period T of the DC-DC boost-flyback converter that is operating in CCM. The figure displays the gate to source voltage(VGS ),
the switch voltage and current(VSW , ISW ), the primary side voltage and current(VP ,
IP ), diode D1 voltage and current(VD1 , ID1 ), capacitor C4 voltage(VC4 ), capacitors
C1 and C2 voltage and current(VC1 , VC2 , IC1 , IC2 ), diodes D3 and D4 currents(ID3 ,
ID4 ), the secondary side voltage and current(VS , IS ), and capacitor C3 voltage(VC3 ).
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an even higher gain. By adding the flyback converter a factor of
Ns
(2 − D) N
p

1−D
has been added to the original boost converter output.
The boost-flyback utilizes the transformers magnetization inductance so that it
can be recycled into the boost converter [6]. This allows one switch to control two
parts of the circuit which allows for a less complicated control and less hardware to
purchase.
Short-Comings
The boost-flyback converter circuit is much more complex than a regular boost
converter. The several capacitors and diodes introduced into topology can cause
unwanted noise and losses. The extra parts necessary can also increase the cost to
build this particular converter.
Another major issue is the size of the transformer needed. When a flyback converter is used it requires a large transformer core as the output power of the converter
increases [11]. This can take up valuable space as well as introduce core losses inside
the transformer.
Full-Bridge and Half-Bridge Converters
The operation of the full-bridge and half-bridge is similar to the forward converter.
The full-bridge converter(Figure 2.9 on the next page) uses switching pairs. This
means that S1 and S2 are linked and S3 and S4 are linked. When S1 and S2 are
closed the primary side of the transformer has a voltage across it of Vi . When S3 and
S4 are closed the primary side of the transformer has a voltage across it of −Vi . When
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Figure 2.9: Topology of a DC-DC full-bridge converter. When operating in CCM this
Ns
converter has a gain of Vo = 2Vi D N
.
p
the full-bridge converter is working in CCM the output voltage can be calculated [11].

Vo = 2Vi D

Ns
Np

(2.29)

The half-bridge converter (Figure 2.10 on the following page) uses two large capacitors C1 and C2 . When S1 is “on” for this topology the voltage across the primary
side of the transfomer is

Vi
.
2

When S2 is “on” the primary side voltage can be found

to be − V2i [11]. Assuming the system is in CCM the output voltage can again be
calculated [11].
Vo = Vi D

Ns
Np

(2.30)
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Figure 2.10: Topology of a DC-DC half-bridge converter. When operating in CCM
Ns
this converter has a gain of Vo = Vi D N
.
p
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DESIGN
DC-DC Boost-Forward Converts
The goal of the proposed DC-DC converter is to be able to operate in two configurations.
1. As a normal boost converter when low gains are needed.
2. As a boost-forward converter when higher gains are required.
This allows it maintain a high efficient simple topology for normal operation, however
makes the operation still plausible when the input voltage is lowered.
Topology
Figure 3.1 on the next page shows the proposed configuration of the DC-DC boostforward converter. The main power electronics components are one MOSFET switch,
three diodes, three capacitors, one inductor, one transformer, and one mechanical
switch. The selection of each specific parts will be explored further in the operations
section of this chapter.
The difference between the two modes of operation is determined by the mechanical switch on the secondary side of the transformer. If the switch is open then the
system will work similar to a boost converter. However, if the switch is in the closed
position the system will work in the proposed boost-forward configuration.
Operation: Secondary Switch Closed
When the switch on the secondary side is closed the circuit takes on the characteristics of the proposed boost-forward converter (Figure 3.1 on the following page).
In order to analyze the waveform and calculate the output voltage some assumptions
are made:
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Figure 3.1: Circuit configuration of the proposed DC-DC boost-forward converter.
This circuit has two major configurations: (a) As the proposed boost-forward converter when the switch is closed and (b) as a boost converter when the mechanical
switch on the secondary side of the transformer is open.
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1. The circuit is operating in continuous conduction mode.
2. All components are considered ideal except for the magnetizing induction of the
transformer.
3. The capacitors are large enough that they maintain a near constant voltage
across them.
Figure 3.2 shows the waveform for one cycle of the MOSFET switch turning “on”
then “off”.
TON :

When the MOSFET switch is on the voltage across the primary side of

the transformer is known. The current though the transformer has two main components. The first is the magnetizing current iLM . The other is the current through the
ideal part of the transformer ip . The magnetizing current of the transformer increases
because of the voltage across it. ∆iLM can then be found for when the switch is on.

Vp = Vi = LM

∆iLM = LM

∆iLM
∆tON

Vi
∆tON

(3.1)

(3.2)

The current through the switch iSW is the summation of the magnetizing
current,iLM and the current that goes through the ideal part of the transformer ip .

iSW = iLM + ip

(3.3)
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Figure 3.2: The waveforms over one cycle period T of the DC-DC boost-forward
converter with the secondary switch “on” that is operating in CCM. The figure displays the gate to source voltage(VGS ), the switch voltage and current(VSW , ISW ), the
primary side voltage and current(VP , IP ), diode D1 voltage and current(VD1 , ID1 ),
capacitor C1 voltage(VC1 ), diodes D2 and D3 voltage and currents(VD2 , VD3 , ID2 ,
ID3 ), the inductor voltage and current(VL , IL ), and capacitor C2 voltage(VC2 ).
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The secondary side voltage is also known as a function of the input voltage Vi ,
where

Ns
Np

is the turns ratio of the transformer.

vs = vp

Ns
Ns
= Vi
Np
Np

(3.4)

Because this voltage is positive, diode D3 is “off” and diode D2 is conducting.
The voltage across the secondary side diode is known using Kirchhoff’s current law.
It can also be calculated by knowing the proportion of change of current through the
inductor ∆iL and the change of time when the MOSFET is on ∆tON .


Ns
∆iL
− Vo = L
Np
∆tON


vL = vC1 + Vi


vC1 +
∆iL =

Ns
Vi N
p



(3.5)

− Vo
∆tON

L

(3.6)

The currents through diode D1 and diode D3 are zero. The voltage across the two
diodes are as follows:
vD1 = vC1
vD3 = vS = Vi

TOF F :

(3.7)
Ns
Np

(3.8)

When the MOSFET switch is off the voltage across the primary and

secondary side of the transformer can be calculated.

vP = Vi − vC1

vS = (Vi − vC1 )

Ns
Np

(3.9)

(3.10)
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Assuming vC1 is greater than Vi , the voltage on the secondary side vS is negative.
This implies that D2 is “off” and D3 is conducting and the secondary side current
through the transformer must then be zero. With this known, the current on the
primary side of the transformer must only be due to the magnetization current iLM .
The current through diode D1 is equal to iLM . This current then splits and charges
C1 or goes up through diode D3 in order to provide current for the load resistor.
The voltage across the inductor on the secondary side can be found by knowing
that diode D3 is conducting.

vL = −vC2 = L

∆iL =

Total Analysis:

∆iL
∆tOF F

(3.11)

−vC2 ∆tOF F
L

(3.12)

Figure 3.3 shows the complete current path for one whole

time period of the boost-forward converter. In order for the circuit to be at steady
state, the ∆iL of the TON time period and TOF F time period must sum to zero. By
using equations (3.6) and (3.12) this analysis is done.


Ns
Vi N
p

vC1 +
−vC2 ∆tOF F
+
L
L



− Vo
∆tON = 0

(3.13)

By using the definition of duty ratio it can be further simplified.
Ns
D + vo D = 0
− vC2 (1 − D) + VC1 + vi
Np




(3.14)

28

Figure 3.3: The current path for the boost-forward converter over one time period.
(a) and (b) show the direction of current flow for when the MOSFET switch is on.
(c) and (d) show the direction of current flow for when the MOSFET switch is off.
Using Kirchhoff’s voltage law through the two capacitors C1 and C2 and the load
resistor RL the following can be stated.

vC2 = Vo − vC1

(3.15)

Therefore, this can be substituted into equation (3.14) and simplified.


− (Vo − vC1 )(1 − D) + VC1 + vi

Ns
D + vo D = 0
Np


(3.16)
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Vo = Vi D

Ns
+ vC1
Np

(3.17)

Because C1 acts like a constant voltage source, the resistance from diode D3 and
the inductor L is very small. This means the current delivered from the capacitor
acts like a boost converter. The analysis done on a boost converter finds the voltage
across C1 to be

Vi
1−D

(equation 2.7). The final output voltage of the boost forward

configuration can then be found.


Vo = Vi D

Ns
1
+
Np 1 − D



(3.18)

Operation: Secondary Switch Open
When the switch on the secondary side is open the circuit takes on the characteristics of the boost converter (Figure 2.3 on page 7). In order to analyze the waveform
and calculate the output voltage, the same assumptions were made from above.
Figure 3.4 on the following page shows the wave form for one cycle of the MOSFET
switch turning “on” then “off”.
With the secondary side mechanical switch in the open position, current can not
flow through diode D2 . This means two things. First, all current through the primary
side of the transformer is due to the magnetizing current. Second, any DC current
that comes from the bottom half (boost converter half) has to go though D3 . Diode
D3 is conducting and the secondary inductor L current though it will be constant;
therefore the voltage drop from the bottom to the top of capacitor C2 will be zero.
Using Kirchoff’s voltage law the voltage across the load RL is equal to the voltage of
C1 .
TON :

In order to find the voltage across C1 , current analysis of the mag-

netizing current is done. When the MOSFET switch is “on” the voltage across the
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Figure 3.4: The waveforms over one cycle period T of the DC-DC boost-forward
converter with the secondary switch “off” that is operating in CCM. The figure displays the gate to source voltage(VGS ), the switch voltage and current(VSW , ISW ), the
primary side voltage and current(VP , IP ), diode D1 voltage and current(VD1 , ID1 ),
capacitor C1 voltage(VC1 ), diodes D2 and D3 voltage and currents(VD2 , VD3 , ID2 ,
ID3 ), the inductor voltage and current(VL , IL ), and capacitor C2 voltage(VC2 ).
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transformer is known. Because the current will only be the magnetization current,
the following can be stated.

vLM = Vi = LM

∆iLM =

TOF F :

∆iLM
∆tON

Vi ∆tON
LM

(3.19)

(3.20)

The same analysis can be done for when the MOSFET is “off”.

Again, the only current though the transformer will be the magnetizing current.

vLM = Vi − vC1 = LM

∆iLM =

∆iLM
∆tOF F

(Vi − vC1 )∆tOF F
LM

Total Analysis: Secondary Side Open:

(3.21)

(3.22)

Figure 3.5 shows the complete cur-

rent flow for one cycle of the boost-forward converter with the secondary side mechanical switch open. In order for the system to be stable the current must begin
and end the same place each cycle. Therefore the ∆iLM for when the MOSFET is on
and when it is off must sum to zero.
Vi ∆tON
(Vi − vC1 )∆tOF F
+
=0
LM
LM

(3.23)

Using the definition of duty ratio and equation (2.23), the voltage across C1 can be
solved for.
vC1 =

vi
(1 − D)

(3.24)
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Finally, the voltage across C1 and the output voltage is known to be the same.

Vo =

vi
(1 − D)

(3.25)

Figure 3.5: The current path for the boost-forward converter over one time period.
(a) shows the direction of current flow for when the MOSFET switch is on. (b) shows
the direction of current flow for when the MOSFET switch is off.
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RESULTS AND ANALYSIS
In order to test the theory of the boost-forward converter that was examined in
chapter 3, a model in MatLab Simulink was developed and a circuit prototype was
produced. First both the model and prototype circuit element values needed to be
selected.
For the boost converter part of the proposed circuit to work properly in CCM, the
inductance LM from the transformer needed be over a minimum value. This value
can be found using equation (2.8) from page 10 where the duty ratio D, restive load
R, and the switching frequency f are used.

LM min =

D(1 − D)2 R
2f

(4.1)

The switching frequency was chosen to be 100kHz. In order to over estimate LM min
a small duty ratio was chosen (0.4) and a large R was selected (100Ω). From this
the minimum inductance of the transformer was found. In order to maintain strong
linkage while also maintaining a small physical size, the turns ratio of the transformer
was selected to be three.
NS
=3
NP
LM min = 72µH.
In order to be sure that the inductance was large enough the inductance was rounded
up to
LM = 100µH.
Next a capacitor for the boost converter was selected. Again, the minimum capacitor value in order to keep the boost converter’s ripple voltage low was calculated.
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For this case an acceptable ripple voltage of 10% is used.

C1min =

D
RF (%ripple)

(4.2)

C1min = 0.8µF
To be certain to stay within the desired 10% ripple voltage the capacitance of C1 was
increased to
C1 = 1µF
Next the minimum value of the forward converter inductor L is calculated. In
order to keep the current continuous, the change of current through the inductor
must be less than twice the average current [11]. If this is the case, the minimum
value is found to be the following.
D
Ns
− VC2
= Vi
Np
f ∆iL


Lmin







(4.3)

For the simulation the input voltage Vi was selected to be 36V . The voltage across
C2 was estimated to be about half the total voltage, 95V . Finally twice the average
current was estimated to be 5A. With these inputs the minimum inductor value was
found.
Lmin = 14µH
In order to be sure to keep continuous a larger value was selected.

L = 75µH
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The final element that had to have a value selected was C2 . This value, like C1 ,
keeps the ripple of the output in within the desired value. The ripple voltage of a
forward converter can be calculated [11], and then solve for the minimum capacitor
value.
C2min =

1−D
8Lf 2 (%ripple)

(4.4)

C2min = 0.7µF
In order to be sure to keep under the 10% ripple voltage a larger value was selected.

C2 = 1µF
Simulation
For the simulation, all elements were modeled ideal except for the transformer
which had a magnetization current on the primary side. An input voltage of 36V was
used with a desired 170V − 100W output. This simulation was done with both configurations, once with the secondary side switch closed, and once with the secondary
side switch open. Figure 4.1 ?? on page ?? shows the MatLab Simulink model used.
Model With Mechanical Switch Closed
First, the secondary side switch was closed and the simulation was done. Figure 4.2
shows the waveforms of each element in the circuit (Figure 3.1). Using the equation
derived in section 2.1.2, the duty ratio was selected to be 0.64. This produced a DC
output voltage of 170V with a ripple of 9V which met the design standards.
Model With Mechanical Switch Open
Next, the secondary side switch in Figure 3.1 was opened and the simulation was
repeated. Figure 4.3 shows the waveform of each element in the cirucuit. Using the
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Figure 4.1: Schematic of the Matlab Simulink simulation for the boost-forward converter.
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Figure 4.2: The waveforms for the MatLab Simulink simulations of the DC-DC boostforward converter with the secondary switch “on” that is operating in CCM. The
figure displays the gate to source voltage(VGS ), the switch voltage and current(VSW ,
ISW ), the primary side voltage and current(VP , IP ), diode D1 voltage and current(VD1 ,
ID1 ), capacitor C1 voltage(VC1 ), diodes D2 and D3 voltage and currents(VD2 , VD3 , ID2 ,
ID3 ), the inductor voltage and current(VL , IL ), and capacitor C2 voltage(VC2 ).
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equation derived in section 2.1.3, the duty ratio was selected to be 0.79. This produced
a DC voltage of 170V with a ripple of 12.5V , again inside the design standards.
Testing
After simulations were complete a prototype circuit was constructed. Figures 4.4
, and 4.5 show the PCB board design and final circuit. The following parts were used
for construction of the boost-forward converter.
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Figure 4.3: The waveforms for the MatLab Simulink simulations of the DC-DC boostforward converter with the secondary switch “off” that is operating in CCM. The
figure displays the gate to source voltage(VGS ), the switch voltage and current(VSW ,
ISW ), the primary side voltage and current(VP , IP ), diode D1 voltage and current(VD1 ,
ID1 ), capacitor C1 voltage(VC1 ), diodes D2 and D3 voltage and currents(VD2 , VD3 , ID2 ,
ID3 ), the inductor voltage and current(VL , IL ), and capacitor C2 voltage(VC2 ).
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Figure 4.4: PCB board design for the boost-forward converter.

• Transformer (Hand Wound): 00K4020E090 Kool Mu E Core with a PC-B4020M1 PCB Bobbin.
Primary Inductance: 100µH
Turns Ratio: 1:3
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Figure 4.5: Prototype of the boost-forward converter.
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• Switch S: IRFP4668PBF-ND MOSFET
Rated Voltage: 200V
Rated Current: 130A
RDS : 9.7mΩ.
• Diode D1 : DH20-18 Fast Recovery Diode.
Forward Voltage Drop: 2.4V
Rated Voltage: 1800V
Rated Current: 20A
• Capacitor C1 : 105MPR400K
Capacitance: 1µF
Rated Voltage: 400V
• Capacitor C2 : 105MPR400K
Capacitance: 1µF
Rated Voltage: 400V
• Diode D2 : DH20-18 Fast Recovery Diode.
Forward Voltage Drop: 2.4V
Rated Voltage: 1800V
Rated Current: 20A
• Diode D3 : C3D10060A Silicon Carbide Schottky Diode
Rated Voltage: 600V
Rated Current 10A
• Inductor L: 5707-RC
Inductance: 75µH
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Rated Current: 5A
RDC : 40mΩ.
• Secondary switch.
• PWM Generator and Gate Driver: TL494C, MIC4420
PWM Generator and Gate Driver
In order to produce the gating PWM signal a TL494C IC was used. This signal
was then put into a MIC4420 which is a MOSFET gate driver. Figure 4.6 shows the
PWM circuit used. In order to control the duty ratio of the PWM a sawtooth wave
that goes from 0V to 3V is compared to a reference signal. The reference signal is a
voltage divider between R1 and RD . The larger RD goes the higher on the sawtooth
signal the reference goes. This translates into a hight duty ratio.
The oscillation frequency can be estimated by the values of RT and CT [13].

f≈

1.1
RT CT

(4.5)

For testing purposes the PWM was controlled open loop with a constant duty ratio.
As the resistance RT is set to a lower value, the frequency of the oscillator is increased.
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Figure 4.6: The PWM generator and gate driver for the boost forward converter. The
duty ratio can be controlled by RD and the switching frequency can be controlled by
RT

Test With Secondary Side Mechanical Switch Closed
The secondary side witch for the first part of testing was left closed (Figure 3.1).
This left the system in the boost-forward configuration. An input of 36V was used
and the duty ratio was adjusted so the output voltage was 170V . Figure 4.7 shows
the waveforms found when doing this test.
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Figure 4.7: The waveforms from the prototype of the DC-DC boost-forward converter
with the secondary switch “on” that is operating in CCM. The figure displays the
gate to source voltage(VGS ), the switch(VSW ), the primary side voltage(VP ), diode
D1 voltage(VD1 ), the primary side current(IP ) capacitors C1 and C2 voltage(VC1 ,
VC2 ), diodes D2 and D3 voltage(VD2 , VD3 ), the inductor voltage (VL ), and the output
voltage and current(VO , IO ).
In order to test the efficiency of the circuit in this configuration the input voltage
was changed and the output voltage was held constant by adjusting the duty ratio.
The input power and output power was then measured and efficiency, η, was then
calculated.
η=

Pout
Pin

(4.6)
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Figure 4.8: The efficiency as a function input voltage. For each input voltage the
duty ratio was adjusted to produce an output voltage of 170V . The solid line shows
the efficiency when the secondary switch ins “on” and the dashed line shows when
the secondary switch is “off”.
Figure 4.8 shows the efficiency as a function of the input voltage. For this case the
efficiency peaked at about 85%.
Test Secondary Side Mechanical Switch Open
The secondary side switch for the second part of testing was put in the open
position. This left the system in the boost configuration. An input of 36V was used
and the duty ratio was adjusted so the output voltage was 170V . Figure 4.6 shows
the waveforms found when doing this test.
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Figure 4.9: The wave forms from the prototype of the DC-DC boost-forward converter
with the secondary switch “off” that is operating in CCM. The figure displays the
gate to source voltage(VGS ), the switch(VSW ), the primary side voltage(VP ), diode
D1 voltage(VD1 ), the primary side current(IP ) capacitors C1 and C2 voltage(VC1 ,
VC2 ), diodes D2 and D3 voltage(VD2 , VD3 ), the inductor voltage (VL ), and the output
voltage and current(VO , IO ).

Again the efficiency was then tested as a function of the input voltage (Figure
4.5). This configuration peaked at about 94% however fell off below the efficiency of
the boost-forward converter when the input voltage was lowered to below 35V .
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Figure 4.10: In order to calculate the RMS current through the switch the signal
above is analyzed. The RMS current for this signal is proportional to the square of
the sum of I1 and I2 .
Power Losses
Switch Conduction Loss
An area where power losses are found is in the MOSFET switch. When the switch
is on it has some inherent drain to source resistance which causes power loss. The
amount of conduction loss in the switch can be calculated.

PSLoss = i2rms RDS

(4.7)

In order to find the irms the current waveform though the switch must be looked
at. Figure 4.7 shows the semi-sawtooth wave that is present in this particular case,
therefore the irms can be calculated as follows using the definition of root-mean-square
of a signal where D is the duty ratio.
s

irms =

 Z T1

Z T2
1
2
2
i(t) dt +
i(t) dt
T2 − T0 T0
T1

i(t) =




 t

(I2 − I1 ) if T0 ≤ t ≤ T1

0

if T1 ≤ t ≤ T2

T1





(4.8)

(4.9)
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i2rms


2
 Z T1 
Z T2
t
1
0dt
(I2 − I1 ) dt +
=
T2 − T0 T0 T1
T1

i2rms

T1
I12 + I1 I2 + I22
=
T2 − T0
3


i2rms = D



(I1 + I2 )2
3

(4.10)



(4.11)



(4.12)

The boost-forward converter was able to produce the same output voltage with
a smaller duty ratio. This should have helped lower the losses from the MOSFET,
however the current through the MOSFET was increased because it was carrying
current from the magnetization and from the ideal part of the transformer. When
calculating the RMS current the sum of the currents are squared. This means that
even-though the duty ratio was decreased, the losses through the MOSFET were
increased due to the increase in current.

50
CONCLUSION
As the demand for more efficient alternative energies increases, the demand to
make the power electronics that go along with those energies increases as well. One
of the major power components for photovoltaics is the DC-DC converter required to
increase the voltage produced. In order to have a solid background several different
types of converters were reviewed and analyzed.
The proposed DC-DC boost-forward topology was explored and the waveforms
were reviewed to give a prediction of the output voltage as a function of of the input
voltage and duty ratio. These predictions were confirmed by simulating this cirucit
in MatLab Simulink, and finally by building a prototype circuit.
A desired output voltage was produced and the efficiency was measured. The
boost-forward converter peaked at about 85% efficient which was below the 94%
efficient boost converter. However, when the input voltage was lowered and the duty
ratio was increased the boost converter dropped to below 80% efficient while the
boost-forward converter maintained an efficiency near 84%.
The circuit is designed to work as a boost converter when the input voltage is high
therefore requiring a low duty cycle. When the input voltage drops the converter can
be put into the boost-forward converter configuration by closing the switch on the
secondary side. This makes harvesting power when the input voltage is low possible
and more efficient.
Future work on this converter involve introducing feedback control into the PWM
generator. Also a DC-AC inverter topology will be explored in order to get a usable
120V , 60Hz signal. This system will then be hooked to a PV system to convert the
low DC voltage into a high AC voltage.
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