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1 Management Summary
This document contains detailed technical information about a new family of DC-to-DC converters called
Borgna-Converter (after their inventor Luciano Borgna, a long-time senior scientist of BFH's laboratory
for photovoltaic systems). Borgna-Converters are based on well-known DC-to-DC converter topologies
(buck, boost, buck-boost). However, they use an innovative principle called the "CCP principle" (acronym
for capacitive coupled pair) in which always two sub-converters are coupled with a small capacitor. By
this, power losses are reduced at least by half while the electromagnetic interferences (EMI) can be
minimized as well. This allows the realisation of small, lightweight and highly efficient DC-to-DC
converters. Compared to standard DC-to-DC converters, Borgna-Converters are somewhat more
complex and have higher costs of electronic components. However, due to improvements in efficiency
and EMI behaviour, the needs for cooling and radio interference suppression are being reduced
considerably. Therefore, depending on the application, the total manufacturing costs of BorgnaConverters are not much higher or even equal to the costs of standard DC-to-DC converters. Because
of the much better efficiency and the consequential savings in energy costs, the total lifetime costs of
Borgna-Converters will be much lower in many cases.
The authors see the Borgna-Converter's main field of application in DC-to-DC converters with a rated
power of one kilowatt or more. This includes battery charging systems for electric vehicles or stationary
battery systems, inverters for renewable energy sources such as photovoltaic or wind power plants,
solid-state inverters for motor drives in railway engines and inverters for high voltage dc electric power
transmissions. Low-power applications such as voltage converters in smartphones, consumer
electronics or in the automotive industry are also possible, but from an economical point of view less
attractive.
The Borgna-Converters have been developed and successfully tested at the photovoltaic laboratory of
Berne University of Applied Sciences (BFH) in Burgdorf, Switzerland. A prototype with a maximum power
of 2kW with a peak efficiency of 99.4% has been realised. The work was funded by the Swiss commission
for technology and innovation (CTI, now Innosuisse). A patent for the basic principle of the CCP
converters has been applied for by the BFH. Interested parties can obtain licences at low fees.
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2 Introduction
This report documents the technical results of CTI innovation project 19062.1 PFEN-NM "High efficiency,
low cost converter technology with reduced electromagnetic interference", which has been carried out
by the Laboratory for Photovoltaic Systems of Bern University of Applied Sciences (BFH) without
industrial partner. The project was funded by the Swiss Commission for Technology and Innovation
(CTI, now replaced by Innosuisse). Internally, the project was called "The Borgna-Converter", named
after Luciano Borgna, a long-time senior scientist of the Laboratory for Photovoltaic systems and
inventor of the CCP principle.
The CCP principle (acronym for Capacitive Coupled Pair) is the fundamental operation principle of a
Borgna-Converter. CCP is an enhancement of the classic, non-isolated DC-to-DC converter topologies
(buck, boost and buck-boost). The principle is simple: Two identical sub-converters are being operated
in parallel mode. The chopper voltages of the two sub-converters are connected with a small coupling
capacitor (thus the name capacitive coupled pair). By this and by the clever way of controlling the power
switches, nearly zero-current switching at turn-on and nearly zero-voltage switching at turn-off of the
power semiconductors is achieved. By this, switching losses can be eliminated almost completely. This
allows for the switches to be operated relatively slow, which reduces electromagnetic interferences to
a minimum. As a result, converters with very high efficiency and excellent EMC behaviour can be
realised. However, compared to other soft-switching topologies, Borgna-Converters have a simple
design and are easy to drive. Due to their topology, Borgna-Converters require more power electronic
components than conventional DC-to-DC converters. However, due to the low power losses and the
good EMC behaviour, the efforts for cooling and EMC suppression are low, which may settle the
manufacturing costs in many cases. If the high efficiency and the resulting energy savings are being
considered, the total lifetime costs of Borgna-Converters will be far below the costs of conventional
converters in many applications.
The authors of this report see the main field of application for the Borgna-Converter in DC-to-DC
converters with a nominal power of one kilowatt and above. Specifically, these are charging systems for
electric vehicles and stationary battery units, inverters for renewable energy sources like wind or
photovoltaics, traction inverters for the railway sector as well as high power converters for high-voltage
DC transmission systems. Low-power applications such as voltage regulators in smartphones are also
conceivable, but from an economic point of view less attractive. The Laboratory for Photovoltaic Systems
has filed a patent application for the CCP principle. Licences on the patent can be acquired at fair rates.
The structure of this report is as follows: In chapter 3, the theory of operation of Borgna-Converters is
explained on the basis of an example. Chapter 4 introduces a selection of implementation examples
for the CCP principle. Chapters 5 and 6 are very theoretical and deal with the design and the sizing of
Borgna-Converters and their control units. Chapter 7 is a collection of equations needed for the design
of different types of Borgna-Converters. In chapter 8, a prototype Borgna-Converter which has been
designed, assembled and tested by the authors is being presented. For readers in a hurry, who are only
interested in a quick overview of the CCP principle, we recommend reading of chapter 3. If you should
stumble across terms you are unfamiliar with, you can find a detailed glossary in chapter 10. Many
terms are briefly explained there.

Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences

4

3 Theory of Operation
In this chapter, the theory of operation of the CCP principle is being explained on the basis of the
Borgna-Boost-Converter. However, the very same principle can also be applied to the Borgna-BuckConverter and the Borgna-Buck-Boost-Converter. Figure 1 shows the basic topology of the Borgna-BoostConverter. For the sake of simplicity, the switching devices are represented as electromechanical
switches. Of course, they are replaced with appropriate semiconductors in an actual design.

Figure 1: Topology of the Borgna-Boost-Converter

The Borgna-Boost-Converter consists of two common Boost-Converters in parallel operation. These subconverters are coupled with the coupling capacitor CC in parallel to the bypass switch S3. Below follows
a step-by-step explanation of the behaviour of the switching devices, voltages and currents of the
circuit. For this explanation, all elements are assumed to be ideal. Also, it is assumed that the input
and output capacitors are large enough in order that the voltages on the input (VIN) and output (VOUT)
can be assumed to be stable, which leads the inductor currents to rise and fall with linear edges. In the
following explanation, the switches S1 and S2 are called first and second main switch. In analogy to this,
the inductors L1 and L2 are called first and second inductor as well as D1 and D2 are called first and
second diode. The red arrows indicate the paths of the current flows and the blue arrows show
important voltages. In addition to this stepwise explanation, there is a signal-time-diagram on page 7
which visualizes the inductor currents, the voltage of the coupling capacitor and the states of the
switches throughout an entire switching cycle.
Step 1:
The two sub-converters operate in discontinuous conduction
mode. With this it is ensured that the main switches are turned
on at zero-current, which avoids switching losses. At the begin
of a switching cycle, both main switches are turned on
simultaneously. After turn-on of the switches, the inductor
currents start to rise with a linear slope. We will see later, that
before the turn-on of the switches, there is a small crosscurrent flowing through the inductors and the bypass switch.
Because of that, one inductor current (in this case the first) has
a slightly higher instantaneous value than the other.
Step 2:
As soon as the first inductor reaches its desired peak value, the
first main switch is turned off. As a result, the current of the
first inductor is redirected into the coupling capacitor. The
charging of the coupling capacitor lasts much longer than the
turn-off of the main switch. Therefore, the first main switch is
turned off completely before the voltage of the coupling
capacitor reaches a significant value. As a result, the first mainswitch is turned off at nearly zero-voltage. The switching
energy (which would be dissipated in a conventional design)
remains stored inside the coupling capacitor.
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Step 3:
As soon as the coupling capacitor is charged to the output
voltage, the fist diode becomes forward biased and conducting.
The current of the first inductor now flows into the output. The
coupling capacitor remains charged to the output voltage.

Step 4:
Now, the second main switch is turned off. The current of the
second inductor is redirected into the coupling capacitor, but
with inversed direction compared to step 2. By this, the
capacitor is discharged. This discharging process takes as
much time as the charging process. Thus, the second main
switch turns off at nearly zero-voltage as well. In this process,
the energy previously stored in the coupling capacitor is
transferred into the output.

Step 5:
As soon as the coupling capacitor is completely discharged, the
second diode becomes conducting as well. Both inductors now
transfer their energy into the output and the inductor currents
fall with a linear slope. The coupling capacitor has now served
its purpose and is being bypassed by turn-on of the bypass
switch.

Step 6:
Because the first main switch has been turned off earlier, the
current of the first inductor will be the first to reach zero. The
first diode becomes blocking. Now, an unwanted effect occurs:
Because the second diode is still conducting, the right end of
the first inductor is still connected to the output voltage. As a
result, the current of the first inductor falls even further and
becomes slightly negative. However, the bypass switch
prevents the coupling capacitor from an unwanted charging
due to this negative current (that would even be less desirable,
because at the next turn-on of the main switches, the coupling
capacitor will be shorted, and any stored energy would be
dissipated).
Step 7:
As soon as the current of the second inductor has fallen far
enough, the second diode becomes blocking as well. The
remaining current of the second inductor now flows as a crosscurrent in a circle between the two inductors and the bypass
switch. The converter is now ready for the next switching cycle.
Compared to the cross-current, that flowed just prior to step 1,
this cross-current has inversed polarity.
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Steps 8 to 14:
The steps 8 to 14 are analog to steps 1 to 7, but with switched roles of the sub-converters. Because
the cross current in step 7 has reversed polarity compared to the cross current prior to step 1 (i.e. in
step 14), the first inductor starts step 8 with a slightly negative current where the current of the
second inductor is slightly positive. As a result, this time it will be the second inductor that reaches
its desired peak value earlier and consequently the second main switch will be turned off first. As a
result, the current of the second inductor will be the first to cross zero which will again lead to an
inversion of the polarity of the cross-current.

Figure 2: Signal-time-diagram of the Borgna-Boost-Converter
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4 Different Topologies of Borgna-Converters
The basic principle of the Borgna-Boost-Converter, which has been introduced in chapter 3, can directly
be transferred to the Buck-Converter (Figure 3) and the Buck-Boost-Converter (Figure 4). The signaltime-diagram shown in Figure 2 applies to these converters as well.

Figure 3: Topology of the Borgna-Buck-Converter

Figure 4: Topology of the Borgna-Buck-Boost-Converter

By replacing the diodes of the Borgna-Buck- or Borgna-Boost-Converter with an additional set of
switches, bidirectional operation can be achieved (Figure 5).

Figure 5: Topology of the bidirectional Borgna-Converter

With a bidirectional Borgna-Converter, depending on the direction of the flow of energy, always two
switches take over the function of the diodes they replace while the other two switches work as main
switches. Of course, it is also possible to place diodes in parallel to the switches. In an actual design,
this is normally done by the parasitic body diode which is present in most power semiconductor
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switches anyway. With diodes in parallel to the switches, only the two switches which are working as
main switches have to be operated while the other two switches are turned off permanently. It might
however in some cases be useful to operate the other two switches as well if this reduces the conduction
losses. If in the example in Figure 5 the upper pair of switches works as main switches, the energy flows
from left to right (buck mode). If the lower pair of switches works as main switches, the energy flows
from right to left (boost mode).
Even though the basic function of the Borgna-Converters we considered so far is DC-to-DC conversion,
by modulation of the output voltage, ac waveforms can be generated as well. This clears the way for
the development of zero-voltage / zero-current switching inverters. As an example, by combining three
bidirectional Borgna-Converters, a full three-phase Inverter can be realised (Figure 6).

Figure 6: Three-Phase Borgna-Inverter

This three-phase inverter is very well suited to be used in applications with high efficiency requirements
such as photovoltaic or wind power plants. Furthermore, with the right method of control, the frequency
of the modulated output voltage can be adjusted over a wide range. This makes the realisation of
traction drives with variable speed possible. As an example, Figure 7 shows a three-phase variable
frequency drive which consists of two three-phase Borgna-Inverters with a common DC link.

Figure 7: Three-phase Borgna variable-frequency drive
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5 Sizing Example
This chapter shows an exemplary sizing of a Borgna-Boost-Converter. Various simplifying assumptions
are made for this purpose. All components are considered to be ideal. Furthermore, because of the
large input and output capacitors, the voltage ripple on both input and output will be neglected. In the
first part of the sizing, the special characteristics of the CCP principle are neglected as well. This means
that the two sub-converters are considered as to be two identical and independent boost-converters.
There is also no time delay between the turn-off of the main switches of the sub-converters and that
there is no cross-current during the zero-current phase. As a result, the inductor currents of the two
sub-converters are exactly identical. These simplifications are acceptable, because in an actual design,
the control signals are generated by a control unit (usually a PI controller) which automatically corrects
any aberrations which are caused by the simplifying assumptions. Moreover, the tolerances of the
components – namely the tolerance of the inductances – have a much bigger impact on the inductor
currents in an actual design. Our example converter has the following nominal data:
input voltage
output voltage
output power
switching frequency

𝑉𝑉𝐼𝐼𝐼𝐼 =

400V

𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 =

800V

𝑓𝑓𝑆𝑆𝑆𝑆 =

50kHz

𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂 =

2kW
⇒

period length

𝑇𝑇 = 20μs

As all components are assumed to be ideal, there are no losses and the input power is equal to the
output power. This allows the calculation of the input and output currents:
𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑉𝑉𝐼𝐼𝐼𝐼 ∙ 𝐼𝐼𝐼𝐼𝐼𝐼
𝐼𝐼𝐼𝐼𝐼𝐼 =
𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 =

𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂
2kW
=
= 5A
𝑉𝑉𝐼𝐼𝐼𝐼
400V

𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂
2kW
=
= 2.5A
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 800V

(1)

(2)

(3)

The current ripple in the inductors has a triangular shape. During the on-time 𝑡𝑡𝑂𝑂𝑂𝑂 of the main switches,
the current rises linearly from zero to its peak value 𝐼𝐼𝑃𝑃 . After that follows the demagnetisation time
𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 , in which the currents fall back to zero linearly. Finally, there is a zero-current phase or dead time
𝑡𝑡𝐷𝐷 , in which there is no inductor current at all. 𝑡𝑡𝑂𝑂𝑂𝑂𝑂𝑂 is the time in which the main switches are turned
off. The shape of the inductor current is shown in Figure 8.

Figure 8: Idealised inductor current
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In addition to the switching times, the following definitions are used:
𝑇𝑇 = 𝑡𝑡𝑂𝑂𝑂𝑂 + 𝑡𝑡𝑂𝑂𝑂𝑂𝑂𝑂 = 𝑡𝑡𝑂𝑂𝑂𝑂 + 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑡𝑡𝐷𝐷

(4)

𝑡𝑡𝑂𝑂𝑂𝑂 = 𝐷𝐷 ∙ 𝑇𝑇

(5)

𝐷𝐷 is the duty cycle of the main switches. During 𝑡𝑡𝑂𝑂𝑂𝑂 , the inductor voltage is identical to the input voltage
𝑉𝑉𝐼𝐼𝐼𝐼 . This allows the calculation of the peak inductor current 𝐼𝐼𝑃𝑃 . Instead of 𝑡𝑡𝑂𝑂𝑂𝑂 , the definition of equation
5 can be used:
𝐼𝐼𝑃𝑃 =

𝑡𝑡𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 𝐷𝐷 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
=
𝐿𝐿
𝐿𝐿

(6)

During the demagnetisation time 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 , the inductor voltage is identical to the difference between the
output and input voltage (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 ). With this and with help of the peak inductor current, the
demagnetisation time 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 can be calculated. 𝐼𝐼𝑃𝑃 is substituted with the expression in equation 6.:
𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷

𝐷𝐷 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
𝐿𝐿 ∙
𝐿𝐿 ∙ 𝐼𝐼𝑃𝑃
𝑉𝑉𝐼𝐼𝐼𝐼
𝐿𝐿
=
=
= 𝐷𝐷 ∙ 𝑇𝑇 ∙
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼

(7)

The electrical charge 𝑄𝑄𝐼𝐼𝐼𝐼 of the inductor during the complete cycle equals the area under the curve from
Figure 8. Thus, the charge can be calculated geometrically (baseline ∙ height / 2). In this expression,
substitutions according to equations 5, 6 and 7 are carried out:
𝑄𝑄𝐼𝐼𝐼𝐼

𝑉𝑉𝐼𝐼𝐼𝐼
𝐷𝐷 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
(𝑡𝑡𝑂𝑂𝑂𝑂 + 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 ) ∙ 𝐼𝐼𝑃𝑃 �𝐷𝐷 ∙ 𝑇𝑇 + 𝐷𝐷 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 � ∙
𝐷𝐷2 ∙ 𝑇𝑇 2 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
𝐿𝐿
=
=
=
2
2
2 ∙ 𝐿𝐿 ∙ (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 )

(8)

To calculate the average input current, the charge has to be multiplied by 2 (because there are two subconverters) and divided by the period length:
𝐼𝐼𝐼𝐼𝐼𝐼 =

2 ∙ 𝑄𝑄𝐼𝐼𝐼𝐼 𝐷𝐷2 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
=
𝑇𝑇
𝐿𝐿 ∙ (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 )

To calculate the average output current, we substitute 𝐼𝐼𝐼𝐼𝐼𝐼 with the help of equation 9:
𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 = 𝐼𝐼𝐼𝐼𝐼𝐼 ∙

𝑉𝑉𝐼𝐼𝐼𝐼
𝐷𝐷2 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2
=
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 𝐿𝐿 ∙ (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 )

(9)

(10)

With equation 10 we have an expression for the output current, which with 𝐷𝐷 and 𝐿𝐿 has two free
parameters. The choice of these parameters directly affects the ration between 𝑡𝑡𝑂𝑂𝑂𝑂 , 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 and 𝑡𝑡𝐷𝐷 to 𝑇𝑇.
With a faulty sizing it is possible, that the inductor current can't fall back to zero inside the switching
cycle, which would lead the converter to operate in continuous conduction mode. To avoid this, we
introduce a new parameter called the activity ratio 𝐴𝐴. 𝐴𝐴 is the ratio of the time, in which the inductors
are conducting a current (i.e. the time, in which there's activity) to the period length. 𝐴𝐴 is calculated as
follows:
𝑉𝑉𝐼𝐼𝐼𝐼
𝑡𝑡𝑂𝑂𝑂𝑂 + 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 𝐷𝐷 ∙ 𝑇𝑇 + 𝐷𝐷 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝐴𝐴 =
=
= 𝐷𝐷 ∙
𝑇𝑇
𝑇𝑇
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼

By solving equation 11 for 𝐷𝐷, we get the following expression:
𝐷𝐷 = 𝐴𝐴 ∙

𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼
𝑉𝑉𝐼𝐼𝐼𝐼
= 𝐴𝐴 ∙ �1 −
�
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

With equation 12, we do now substitute 𝐷𝐷 in equation 10:
𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂

2
𝑉𝑉
𝐴𝐴2 ∙ �1 − 𝐼𝐼𝐼𝐼 � ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2 𝐴𝐴2 ∙ 𝑇𝑇 ∙ 𝑉𝑉 2 ∙ (𝑉𝑉
𝐷𝐷2 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝐼𝐼𝐼𝐼
𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 )
=
=
=
𝐿𝐿 ∙ (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 )
𝐿𝐿 ∙ (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 )
𝐿𝐿 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 2
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𝑉𝑉𝐼𝐼𝐼𝐼 and 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 have predefined values, 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 is calculated with equation 3, 𝐴𝐴 can be chosen. Therefore, the
inductance 𝐿𝐿 is the only unknown variable in equation 13. By solving equation 13 for 𝐿𝐿, we obtain the
equation to calculate 𝐿𝐿:
𝐿𝐿 =

𝐴𝐴2 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2 ∙ (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 )
𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 2

(14)

To get a good performance, the inductors should be active as much as possible. Thus, the dead time
𝑡𝑡𝐷𝐷 must be kept short. This can be achieved by choosing 𝐴𝐴 to be a value close to one. In our example
we choose 𝐴𝐴 = 0.9. With this, the inductors are energized for 90% of the period length. The dead time
is the remaining 10% of the period length. With these values, small asymmetries in the switching times
because of the CCP principle are already considered. This ensures that the inductor current of the subconverter which is turned off second has enough time to fall to zero. If 𝐴𝐴 was above 1, the converter
would operate in continuous conduction mode. If 𝐴𝐴 was much smaller than 1 (but still positive), the
converter would be inactive for most of the switching cycle, which is very inefficient. In our example,
we get the following inductance:
𝐿𝐿 =

𝐴𝐴2 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2 ∙ (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 )
𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

2

=

0.92 ∙ 20μs ∙ (400V)2 ∙ (800V − 400V)
= 648μH
2.5A ∙ (800V)2

(15)

With help of equation 12, we can now calculate the duty cycle:
𝐷𝐷 = 𝐴𝐴 ∙

𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼
800V − 400V
= 0.9 ∙
= 0.45
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
800V

(16)

Finally, we can calculate the peak inductor current by use of equation 6:
𝐼𝐼𝑃𝑃 =

𝐷𝐷 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 0.45 ∙ 20μs ∙ 400V
=
= 5. 5A
𝐿𝐿
648μH

(17)

This concludes the first part of our example sizing. So far, we have not considered the specifics of the
CCP principles. This means that the calculations we did would also apply to any two-channel boost
converter without coupling capacitor (interleaved boost-converter). Now we dimension the coupling
capacitor. This capacitor must be large enough to ensure that its charging time is long compared to the
turn-off time of the main switch. In our example, we assume a fall-time of 𝑡𝑡𝐹𝐹 = 50ns (which is a realistic
value for a power semiconductor). To calculate the charge time 𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 we use the following rule of
thumb:
𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ≈ 10 ∙ 𝑡𝑡𝐹𝐹 = 10 ∙ 50ns = 500ns

(18)

In this time, the coupling capacitor is charged from zero to the output voltage 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 . As the charging
time 𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 is supposed to be short compared to the period length 𝑇𝑇, the current can be regarded as
constant. This current is the peak inductor current 𝐼𝐼𝑃𝑃 . With this, we get the equation for calculating the
coupling capacitor 𝐶𝐶𝐶𝐶 .
𝐶𝐶𝐶𝐶 =

𝐼𝐼𝑃𝑃 ∙ 𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 5. 5A ∙ 500ns
=
= 3.472nF �≈ 3.3nF�
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
800V

(19)

The capacitance calculated with equation 19 will probably be somewhat too large for many applications,
because the factor of 10 in equation 18 is rather generous. In our example we take a pragmatic
approach and chose for 𝐶𝐶𝐶𝐶 the next smaller value from the E6 series, which is 𝐶𝐶𝐶𝐶 = 3.3nF. In an actual
design it's worth to determine the ideal value for 𝐶𝐶𝐶𝐶 with the help of simulations or experimentally with
measurements.
Care must be taken regarding the ripple current of the capacitor. The coupling capacitor is both charged
and discharged once per switching cycle with the peak inductor current. This results in a considerable
ripple current, whose RMS value can be calculated as follows (𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 is substituted with help of equation
19 solved for 𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ):
2∙𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
1
2 ∙ 𝐶𝐶𝐶𝐶 ∙ 𝐼𝐼𝑃𝑃 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
2 ∙ 3.3nF ∙ 5. 5A ∙ 800V
𝐼𝐼𝐶𝐶𝐶𝐶 −𝑅𝑅𝑅𝑅𝑅𝑅 = � ∙ �
𝐼𝐼𝑃𝑃 2 𝑑𝑑𝑑𝑑 = �
=�
= 1.211A
𝑇𝑇
20μs
𝑇𝑇 0
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For a capacitor of only 3.3nF this is a very high value. Therefore, a capacitor with very low equivalent
series resistance (ESR) must be chosen. In our application, a high-quality film capacitor (e.g. MKP) well
be adequate. In low-voltage applications, high-quality ceramic capacitor (C0G/NP0) can be used.
The last part of the sizing concerns the ripple currents at the input and output of the converter. These
ripple currents again are relevant for the proper sizing for the input and output capacitors. For this, we
consider the inductor currents, which have the shape of a triangular pulse. The RMS value (𝑦𝑦𝑅𝑅𝑅𝑅𝑅𝑅 ) of a
periodical triangular pulse can be calculated as follows (this equation can be found in relevant tables):

𝑡𝑡𝐴𝐴 + 𝑡𝑡𝐵𝐵
𝑦𝑦𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑦𝑦� ∙ �
3 ∙ 𝑇𝑇

(21)

Figure 9: Triangular impulse signal

On both the input and the output of the converter, the peak value of the triangular pulse is 𝑦𝑦� = 2 ∙ 𝐼𝐼𝑃𝑃 .
The factor 2 comes from the fact that we have two sub-converters with identical inductor current. The
input of the boost-converter is directly connected to the inductors. Thus, we have 𝑡𝑡𝐴𝐴 = 𝑡𝑡𝑂𝑂𝑂𝑂 and 𝑡𝑡𝐵𝐵 = 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 .
The output however is only connected to the inductors during the demagnetisation phase.
Consequently, at the output, we have 𝑡𝑡𝐴𝐴 = 0 and 𝑡𝑡𝐵𝐵 = 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 . With this knowledge we can substitute the
variables from equation 21 with the expressions from equations 5 and 7. This leads us to the equations
for calculating the RMS values of the inductor currents on both input and output.
𝐼𝐼𝐼𝐼𝐼𝐼−𝑅𝑅𝑅𝑅𝑅𝑅
𝐼𝐼𝐼𝐼𝐼𝐼−𝑅𝑅𝑅𝑅𝑅𝑅

𝑉𝑉𝐼𝐼𝐼𝐼
𝐷𝐷 ∙ 𝑇𝑇 + 𝐷𝐷 ∙ 𝑇𝑇 ∙
𝑡𝑡𝑂𝑂𝑂𝑂 + 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷
𝐷𝐷 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼
�
= 2 ∙ 𝐼𝐼𝑃𝑃 ∙ �
= 2 ∙ 𝐼𝐼𝑃𝑃 ∙
= 2 ∙ 𝐼𝐼𝑃𝑃 ∙ �
3 ∙ 𝑇𝑇
3 ∙ 𝑇𝑇
3 ∙ (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 )

(22)

0.45 ∙ 800V
= 2 ∙ 5. 5A ∙ �
= 6.086A
3 ∙ (800V − 400V)

𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂−𝑅𝑅𝑅𝑅𝑅𝑅

𝑉𝑉𝐼𝐼𝐼𝐼
𝐷𝐷 ∙ 𝑇𝑇 ∙
𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷
𝐷𝐷 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼
�
= 2 ∙ 𝐼𝐼𝑃𝑃 ∙ �
= 2 ∙ 𝐼𝐼𝑃𝑃 ∙
= 2 ∙ 𝐼𝐼𝑃𝑃 ∙ �
3 ∙ 𝑇𝑇
3 ∙ 𝑇𝑇
3 ∙ (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 )

(23)

0.45 ∙ 400V
𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂−𝑅𝑅𝑅𝑅𝑅𝑅 = 2 ∙ 5. 5A ∙ �
= 4.303A
3 ∙ (800V − 400V)

The RMS values of the inductor currents consist of both, an AC and a DC component. The DC
components are the input- and output currents according to equations 2 and 3. Between AC, DC and
RMS current, the following relationship applies:
𝐼𝐼𝑅𝑅𝑅𝑅𝑆𝑆 = �𝐼𝐼𝐴𝐴𝐴𝐴 2 + 𝐼𝐼𝐷𝐷𝐷𝐷 2

(23)

𝐼𝐼𝐼𝐼𝐼𝐼−𝐴𝐴𝐴𝐴 = �𝐼𝐼𝐼𝐼𝐼𝐼−𝑅𝑅𝑅𝑅𝑅𝑅 2 − 𝐼𝐼𝐼𝐼𝐼𝐼 2 = �(6.086A)2 − (5A)2 = 3.469A

(24)

𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂−𝐴𝐴𝐴𝐴 = �𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂−𝑅𝑅𝑅𝑅𝑅𝑅 2 − 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 2 = �(4.303A)2 − (2.5A)2 = 3.503A

(25)

If we solve this equation for 𝐼𝐼𝐴𝐴𝐴𝐴 and substitute 𝐼𝐼𝐷𝐷𝐷𝐷 with the values from equations 2 and 3 as well as the
𝐼𝐼𝐴𝐴𝐴𝐴 with the values from equations 22 and 23, we obtain the RMS values of the AC components of the
ripple currents. These currents have to be absorbed by the input and output capacitors:

We can see that the ripple current is approximately 3.5A in both the input and output capacitor. Because
of this, capacitors with a very low ESR must be chosen. With our prototype, high-capacity film capacitors
(DC link capacitors) have proven to be the best solution not only from a technical, but also from an
economical point of view.
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6 Control of a Borgna-Converter
The example from chapter 5 shows the sizing of a stationary operating point without any fluctuations
or adjustments of voltage or current, neither on the input nor on the output. With a real converter, this
is rarely the case. In reality, the converter must be able to deliver a stable output voltage independent
of the input voltage or output current. Thus, the duty cycle and if necessary also the period length have
to be adjusted dynamically by a controller. Nevertheless, a sizing such as shown in chapter 5 might still
be useful, for example to optimize the converter's nominal operating point. Just like the equations from
chapter 5, the equations in this chapter apply to the Borgna-Boost-Converter. The equations for the
other basic topologies can be found in chapter 7. Again, the specific features of the CCP principle are
not regarded, which means that the on-times of the main switches of both sub-converters are assumed
to be equally long. As the delay between the turn-off of the first and second main switch shall be short
compared to the period length, this simplification is acceptable in most cases.
6.1 Inductor current and charging time
To ensure a complete charging process of the coupling capacitor in a sufficiently short amount of time,
a minimal peak inductor current is mandatory. For this, we look again at equation 19 from chapter 5
and solve it for 𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 .
𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =

𝐶𝐶𝐶𝐶 ∙ 𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂
𝐼𝐼𝑃𝑃

(26)

As we can see, the charging time is proportional to the output voltage and inversely proportional to the
peak inductor current. The problem is now, that the peak inductor current and possibly also the output
voltage depends on the current load situation. With a boost-converter, the peak inductor current is
proportional to the input voltage and the on-time of the main switch. In situations with low load, where
the peak inductor current is small, the charging time of the coupling capacitor may become
unacceptably long. To avoid this, it must be ensured, that the peak inductor current has a guaranteed
minimal value. Therefore, at least at low-load situations, a control algorithm with fixed pulse width and
variable frequency would be favourable. In other situations, a control algorithm with fixed frequency
and variable pulse width will be optimal. A sufficiently intelligent control unit can change the control
algorithm depending on the load situation.
6.2 Control with variable pulse width and fixed period length
With this method – the classic pulse width modulation – it must be ensured, that the pulse width does
not become too long, because otherwise the remaining time will be too short for the inductor currents
to fall back to zero. On the other side, the pulse width must be long enough to ensure a sufficiently
large peak inductor current which is needed for a proper charging of the coupling capacitor (see 6.1).
Thus, the control algorithm must respect a minimum and maximum duty cycle 𝐷𝐷. The minimum duty
cycle 𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀 can be calculated by solving equation 26 for 𝐼𝐼𝑃𝑃 , equate it with the right side of equation 6,
substitute 𝐷𝐷 with 𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀 (equation 27) and then solve for 𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀 (equation 28).
𝐼𝐼𝑃𝑃 =

𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
=
𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐿𝐿

𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀 =

𝐿𝐿 ∙ 𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼

(27)

(28)

The maximum duty cycle can be calculated by inserting the maximum allowable activity ratio into
equation 12.
𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀 = 𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀 ∙ �1 −

𝑉𝑉𝐼𝐼𝐼𝐼
�
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

(29)

The DC output current of the converter, which in a current regulator is the controlled variable, can be
calculated with equation 10. If we solve this equation for D, we obtain an equation to calculate the duty
cycle as a function of the output current as well as the input and output voltage.
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𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 )
𝐷𝐷 = �
𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2

(30)

For calculation in a microprocessor, this equation can be optimized. The constant parameters 𝐿𝐿 and 𝑇𝑇
can be combined to a single parameter. Furthermore, as the value and definition ranges of the square
root function are limited between zero and one, the square root can be approximated with a polynomic
function.
In a simple controller (like the one we use in our prototype), the inner part of the converter (power
semiconductors and inductors) can be modelled as a controllable current source. This current source
charges the output capacitor 𝐶𝐶𝑂𝑂𝑂𝑂𝑂𝑂 . The actual controller is a PI-controller with integral limiting, whose
controlled variable is the output voltage 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 of the output capacitor. This controller calculates the
setpoint of the current source. With equation 30, the correct duty cycle to obtain the desired current is
calculated. This is an optimized form of voltage-mode control which uses equation 30 to compensate
the non-linear effects of the controller. If the calculation with equation 30 returns a result which exceeds
the limits according to equations 27 or 28, the duty cycle must be clipped to these limits. If the desired
output voltage can no longer be met because of this limitation, either the switching frequency must be
adjusted, or it is necessary to switch to a different method of control. With this method, the input and
output voltage must be measured. It is however not necessary to measure the inductor current, which
reduces hardware costs.
Of course, it is possible to measure and control the inductor currents as well. With this, a current-mode
controller can be realised as it is a standard in modern switched-mode power supplies. Basically, this is
also possible with the simplified current-peak control in which the peak inductor current is being
detected with help of a comparator. With current-mode controllers, the dynamic characteristics of the
converter can be optimized.
6.3 Control with variable period length and fixed pulse width
As already mentioned, this method of control should be of advantage in the partial load range. The
most extreme case would be if the converter was in idle mode, where the output capacitor has only to
be charged with an inductor current pulse sporadically. By this, a stable output voltage can be assured
even though there are self-discharge effects. This of course leads to a reduced efficiency, which however
is not really an issue for a small output power (in idle mode, every power converter has zero efficiency).
With this method of control, we again must calculate the minimum on-time of the main switches first.
This minimum on-time 𝑡𝑡𝑂𝑂𝑂𝑂−𝑀𝑀𝑀𝑀𝑀𝑀 we can calculate by solving equation 26 for 𝐼𝐼𝑃𝑃 , equate it with the right
side of equation 6 (equation 31), substitute 𝑡𝑡𝑂𝑂𝑂𝑂 with 𝑡𝑡𝑂𝑂𝑂𝑂−𝑀𝑀𝑀𝑀𝑀𝑀 and solve for 𝑡𝑡𝑂𝑂𝑂𝑂−𝑀𝑀𝑀𝑀𝑀𝑀 (equation 32):
𝐼𝐼𝑃𝑃 =

𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 𝑡𝑡𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
=
𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐿𝐿

𝑡𝑡𝑂𝑂𝑂𝑂−𝑀𝑀𝑀𝑀𝑀𝑀 =

𝐿𝐿 ∙ 𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼

(31)

(32)

Between the turn-off and the next turn-on of the main switches, a sufficiently long time is required for
the inductor currents to fall back to zero. Therefore, the main switches must be turned off for a
minimum off-time 𝑡𝑡𝑂𝑂𝑂𝑂𝑂𝑂−𝑀𝑀𝑀𝑀𝑀𝑀 . According to Figure 8, this minimum off-time can be calculated as follows:
𝑡𝑡𝑂𝑂𝑂𝑂𝑂𝑂−𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑡𝑡𝐷𝐷

(33)

The time intervals 𝑡𝑡𝑂𝑂𝑂𝑂 and 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 are inversely proportional to the voltages, which are applied to the
inductors during the corresponding time interval. During 𝑡𝑡𝑂𝑂𝑂𝑂 , this is the input voltage 𝑉𝑉𝐼𝐼𝐼𝐼 , during 𝑡𝑡𝑂𝑂𝑂𝑂𝑂𝑂
this is the difference between output and input voltage 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 . This relation allows for the
demagnetisation time 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 to be calculated from the on-time as well as the input and output voltage:
𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 = 𝑡𝑡𝑂𝑂𝑂𝑂 ∙

𝑉𝑉𝐼𝐼𝐼𝐼
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼

(34)

By substitution of 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 in equation 33 with the value from equation 34, the minimum off-time can be
calculated:
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𝑡𝑡𝑂𝑂𝑂𝑂𝑂𝑂−𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑡𝑡𝑂𝑂𝑂𝑂 ∙

𝑉𝑉𝐼𝐼𝐼𝐼
+ 𝑡𝑡𝐷𝐷
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼

(35)

If we add the on-time 𝑡𝑡𝑂𝑂𝑂𝑂 to equation 35, we get the equation to calculate the minimum period length
𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀 :
𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑡𝑡𝑂𝑂𝑂𝑂 + 𝑡𝑡𝑂𝑂𝑂𝑂 ∙

𝑉𝑉𝐼𝐼𝐼𝐼
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
+ 𝑡𝑡𝐷𝐷 = 𝑡𝑡𝑂𝑂𝑂𝑂 ∙
+ 𝑡𝑡𝐷𝐷
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼

(36)

Basically, the dead time 𝑡𝑡𝐷𝐷 can be chosen freely. However, to achieve a good efficiency, a short dead
time should be chosen. We will see in chapter 8.1 that due to inductor current ringing during the dead
time, there is an optimum moment to turn-on the main switches and therefore also an optimal duration
of the dead time. Alternatively, the dead time at rated power can be calculated (e.g. with 𝐴𝐴 = 0.9, as
shown in chapter 5). We can calculate the output current by substituting the period length with 𝑇𝑇 =
𝑡𝑡𝑂𝑂𝑂𝑂
𝑡𝑡𝑂𝑂𝑂𝑂 + 𝑡𝑡𝑂𝑂𝑂𝑂𝑂𝑂 and the duty cycle with 𝐷𝐷 =
in equation 10:
𝐼𝐼𝑂𝑂𝑈𝑈𝑈𝑈 =

𝑡𝑡𝑂𝑂𝑂𝑂 +𝑡𝑡𝑂𝑂𝑂𝑂𝑂𝑂

𝑡𝑡𝑂𝑂𝑂𝑂 2 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2
𝐿𝐿 ∙ (𝑡𝑡𝑂𝑂𝑂𝑂 + 𝑡𝑡𝑂𝑂𝑂𝑂𝑂𝑂 ) ∙ (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 )

(37)

As with this method of control, the on-time is constant, the controller can regulate the output current
by modulation of the period length 𝑇𝑇 only, with 𝑇𝑇 = 𝑡𝑡𝑂𝑂𝑂𝑂 + 𝑡𝑡𝑂𝑂𝑂𝑂𝑂𝑂 . By solving equation 37 for 𝑡𝑡𝑂𝑂𝑂𝑂𝑂𝑂 , we obtain
the equation to calculate the off-time:
𝑡𝑡𝑂𝑂𝑂𝑂𝑂𝑂 =

𝑡𝑡𝑂𝑂𝑂𝑂 2 ∙ 𝑈𝑈𝐼𝐼𝐼𝐼 2
− 𝑡𝑡𝑂𝑂𝑂𝑂
𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝐿𝐿 ∙ (𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑈𝑈𝐼𝐼𝐼𝐼 )

(38)

If we add the on-time 𝑡𝑡𝑂𝑂𝑂𝑂 to equation 38, we obtain the equation to calculate the period length as a
function of the output current 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 .
𝑇𝑇 =

𝑡𝑡𝑂𝑂𝑂𝑂 2 ∙ 𝑈𝑈𝐼𝐼𝐼𝐼 2
𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝐿𝐿 ∙ (𝑈𝑈𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑈𝑈𝐼𝐼𝐼𝐼 )

(39)

Just like in chapter 6.2, the controlled system can be modulated as a controllable current source which
charges the output capacitor to the desired voltage. However, with this method of control, the current
is no longer set by the duty cycle 𝐷𝐷, but by the period length 𝑇𝑇. There are two constraints: The minimum
on-time (equation 32) and the minimum period length (equation 36). Of course, it is also possible to
not only calculate and set, but to measure and control the inductor currents (current-mode control).
6.4 Control with constant dead time
This method of control works with a constant dead time. As opposed to the methods we considered so
far, with this method of control, the inductors carry a current for almost the whole period length,
regardless of the output current. Thus, control with constant dead time allows an optimal efficiency at
partial load. The only constraint is that the minimum peak inductor current must be respected. The
required minimum on-time 𝑡𝑡𝑂𝑂𝑂𝑂−𝑀𝑀𝑀𝑀𝑀𝑀 to meet with this constraint can be calculated with equation 32. With
this method of control, both the pulse width and the period length are modulated. Therefore, this
method is the most complex, but also the optimal procedure. According to Figure 8 and with respect
to equation 34, we obtain the equation to calculate the period length 𝑇𝑇:
𝑇𝑇 = 𝑡𝑡𝑂𝑂𝑂𝑂 + 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 + 𝑡𝑡𝐷𝐷 = 𝑡𝑡𝑂𝑂𝑂𝑂 + 𝑡𝑡𝑂𝑂𝑂𝑂 ∙ �

𝑉𝑉𝐼𝐼𝐼𝐼
𝑡𝑡𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
� + 𝑡𝑡𝐷𝐷 =
+ 𝑡𝑡𝐷𝐷
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼

(40)

Equation 39 applies to this method of control as well. To obtain the required on-time 𝑡𝑡𝑂𝑂𝑂𝑂 , we substitute
the period length 𝑇𝑇 in equation 39 with the right side of equation 40. The result is a quadratic equation
with 𝑡𝑡𝑂𝑂𝑂𝑂 as unknown variable. The positive solution of this equation is the equation needed to calculate
the on-time 𝑡𝑡𝑂𝑂𝑂𝑂 :
𝑡𝑡𝑂𝑂𝑂𝑂 =

1

2 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2

∙ �𝐿𝐿 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 + �𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ �𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 2 + 4 ∙ 𝑡𝑡𝐷𝐷 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2 ∙ (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 )��

(41)

With this very complicated equation, the current of the controllable current source can be calculated
(same procedure as in chapters 6.2 and 6.3). The only constraint is the minimum on-time 𝑡𝑡𝑂𝑂𝑂𝑂−𝑀𝑀𝑀𝑀𝑀𝑀 . If we
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assume the dead-time to be negligibly short compared to the period length, we can simplify equation
41 by setting 𝑡𝑡𝑇𝑇 = 0. With this, we obtain a much simpler approximation equation:
𝑡𝑡𝑂𝑂𝑂𝑂 =

𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

(42)

2 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2

With this method of control, as well as with the previously discussed methods, a critical assessment
should be made regarding the usefulness and feasibility of the mathematical effort needed. First, the
real-time execution of these calculations puts high demands on the controller. Second, the equations
we developed in this chapter – regardless of their high complexity – are still based on simplified
assumptions (ideal components, identical inductor currents). In each chase it should be investigated if
the real situation is still adequately represented. As an alternative to these complex calculations, the
behaviour of the converter can very well be approximated, because there's always a monotonous
relation between the duty cycle 𝐷𝐷 and the converter's output current 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 . To the duty cycle, there are
only two constraints. First, the on-time must be sufficiently long to ensure that the peak inductor current
is high enough to allow the charging and discharging of the coupling capacitor and second, the period
length must be long enough to ensure that the inductor currents can fall back to zero before the main
switches are turned on again. These constraints can be met relatively easy on the basis of the input and
output voltage or by measurement of the inductor currents. To obtain a stable control loop, it must
also be ensured that the loop gain does not become too high (worst-case assessment).
6.5 Choice of the method of control
Table 1 summarizes the advantages and disadvantages of the control methods discussed.
Method

Advantages

Disadvantages

Variable pulse width,
fixed period length.

Simple, commonly known method.
The switching frequency can be set
to a favourable value (e.g. above
the threshold of hearing).

Fixed pulse width,
variable period length.

Only method which allows no-load
stability (with infinitely long period
length).

Not no-load proof, as a minimum
on-time 𝑡𝑡𝑂𝑂𝑂𝑂 must be guaranteed. At
low-load, the activity ratio 𝐴𝐴 sinks,
which reduces the efficiency.

Fixed dead time

High activity ratio 𝐴𝐴 and therefore
optimal efficiency over a wide load
range.

Limited output power, because a
minimum off-time 𝑡𝑡𝑂𝑂𝑂𝑂𝑂𝑂 must be
guaranteed. At low-load, the
switching frequency might fall into
the hearing range. At low-load, the
activity ratio 𝐴𝐴 sinks, which reduces
the efficiency.

High complexity, because both
pulse width and period length must
be controlled. Not no-load proof, as
a minimum on-time 𝑡𝑡𝑂𝑂𝑂𝑂 must be
guaranteed.

Table 1: Comparison of the methods of control

According to Table 1 we can conclude that the best converter should apply the method "fixed dead
time" when operating at or close to its nominal load. At low-load, when the on-time 𝑡𝑡𝑂𝑂𝑂𝑂 reaches its
minimal value, the method is changed to "Fixed pulse width, variable period length". With this, the
converter achieves optimal performance but is still no-load proof. Such an optimized design is suitable
for the high-end sector mainly.
Of course, it is also possible to use the same method of control regardless of the load situation.
However, with this approach it is accepted that with a too short on-time 𝑡𝑡𝑂𝑂𝑂𝑂 the coupling capacitor can
no longer be charged or discharged in the required amount of time and with a too short off-time 𝑡𝑡𝑂𝑂𝑂𝑂𝑂𝑂
the converter begins to operate in the continuous conduction mode. This means that in these cases the
advantages of the CCP principle can no longer be used, which will lead to loss of efficiency. However,
depending on the application, a reduced efficiency at low load might not even lead to significant energy
losses, which still makes this method feasible in some cases. This should be of particular interest for
the low-cost sector.
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7 Collection of Equations
7.1 Equations for static operation
This chapter contains the equations to dimension the three basic Borgna-Converter types in a static
operating point. For this sizing, the parameters in the operating point – namely the power 𝑃𝑃, the activity
ratio 𝐴𝐴, the switching frequency 𝑓𝑓𝑆𝑆𝑆𝑆 as well as the dc voltages at the input (𝑉𝑉𝐼𝐼𝐼𝐼 ) and the output (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 ) –
are predefined. From these parameters, the duty cycle 𝐷𝐷 and the inductance 𝐿𝐿 of the chokes can be
calculated.
Boost-Converter
(step-up converter)

Type

Buck-Converter
(step-down converter)

Buck-Boost-Converter
(inverting converter)

Topology

DC input current

𝐼𝐼𝐼𝐼𝐼𝐼 =

1)

DC output current

𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 =

1)

Period length
Duty cycle

𝐷𝐷 = 𝐴𝐴 ∙ �1 −

On-time
(pulse-width)
Demagnetization time
Inductivity
of the chokes

𝐿𝐿 =

Peak inductor current
Capacity of the
coupling capacitor
RMS input current

2)

3)

RMS output current
AC input current

𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 =

3)

4)

AC output current

4)

𝑉𝑉𝐼𝐼𝐼𝐼
�
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

𝐷𝐷 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼

𝐴𝐴2 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2 ∙ (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 )
𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

𝐼𝐼𝑃𝑃 =
𝐶𝐶𝐶𝐶 =

𝑇𝑇 =

2

𝐷𝐷 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
𝐿𝐿

𝐼𝐼𝑃𝑃 ∙ 𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

𝑡𝑡𝑂𝑂𝑂𝑂 + 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷
𝐼𝐼𝐼𝐼𝐼𝐼−𝑅𝑅𝑅𝑅𝑅𝑅 = 2 ∙ 𝐼𝐼𝑃𝑃 ∙ �
3 ∙ 𝑇𝑇
𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷
𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂−𝑅𝑅𝑅𝑅𝑅𝑅 = 2 ∙ 𝐼𝐼𝑃𝑃 ∙ �
3 ∙ 𝑇𝑇

𝑃𝑃
𝑉𝑉𝐼𝐼𝐼𝐼

𝑃𝑃
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

1
𝑓𝑓𝑆𝑆𝑆𝑆

𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝑉𝑉𝐼𝐼𝐼𝐼

𝐷𝐷 = 𝐴𝐴 ∙

𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝑉𝑉𝐼𝐼𝐼𝐼 + 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

𝐷𝐷 ∙ 𝑇𝑇 ∙ (𝑉𝑉𝐼𝐼𝐼𝐼 − 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 )
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 =

𝐷𝐷 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

𝐷𝐷 = 𝐴𝐴 ∙

𝑡𝑡𝑂𝑂𝑂𝑂 = 𝐷𝐷 ∙ 𝑇𝑇
𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 =
𝐿𝐿 =

𝐴𝐴2 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 ∙ (𝑉𝑉𝐼𝐼𝐼𝐼 − 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 )
𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼

𝐼𝐼𝑃𝑃 =

𝐷𝐷 ∙ 𝑇𝑇 ∙ (𝑉𝑉𝐼𝐼𝐼𝐼 − 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 )
𝐿𝐿

𝐶𝐶𝐶𝐶 =

𝐼𝐼𝑃𝑃 ∙ 𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑉𝑉𝐼𝐼𝐼𝐼

𝐿𝐿 =

𝐴𝐴2 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ (𝑉𝑉𝐼𝐼𝐼𝐼 + 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 )2
𝐼𝐼𝑃𝑃 =

𝐶𝐶𝐶𝐶 =

𝑡𝑡𝑂𝑂𝑂𝑂
𝐼𝐼𝐼𝐼𝐼𝐼−𝑅𝑅𝑅𝑅𝑅𝑅 = 2 ∙ 𝐼𝐼𝑃𝑃 ∙ �
3 ∙ 𝑇𝑇

𝑡𝑡𝑂𝑂𝑂𝑂 + 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷
𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂−𝑅𝑅𝑅𝑅𝑅𝑅 = 2 ∙ 𝐼𝐼𝑃𝑃 ∙ �
3 ∙ 𝑇𝑇
𝐼𝐼𝐼𝐼𝐼𝐼−𝐴𝐴𝐴𝐴 = �𝐼𝐼𝐼𝐼𝐼𝐼−𝑅𝑅𝑅𝑅𝑅𝑅 2 − 𝐼𝐼𝐼𝐼𝐼𝐼 2

𝐷𝐷 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
𝐿𝐿

𝐼𝐼𝑃𝑃 ∙ 𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝑉𝑉𝐼𝐼𝐼𝐼 + 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷
𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂−𝑅𝑅𝑅𝑅𝑅𝑅 = 2 ∙ 𝐼𝐼𝑃𝑃 ∙ �
3 ∙ 𝑇𝑇

𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂−𝐴𝐴𝐴𝐴 = �𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂−𝑅𝑅𝑅𝑅𝑅𝑅 2 − 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 2

Remarks:
1) The DC currents include the currents of both sub-converters.
2) The time 𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 is the charging and discharging time of the coupling capacitor, which as a rule of
thumb should be about five to ten times the fall time 𝑡𝑡𝐹𝐹 of the main switches.
3) The RMS currents include the currents of both sub-converters without smoothing due to the input
or output capacitors.
4) The AC currents are the RMS values of the currents which flow through the input and output
capacitors.
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7.2 Equations for sizing of the control unit
This chapter summarizes the equations needed for the design of the converter's control unit. The three
method of control are explained in chapter 6. The basic principle with all methods is the same: The
inner part of the converter, consisting of the inductors and power semiconductors, is being modelled
as a controllable current source, which feeds the current into the output capacitor. To adjust this
current, the duty cycle 𝐷𝐷 (method "fixed period length 𝑇𝑇"), the period length (method "fixed pulse width
𝑡𝑡𝑂𝑂𝑂𝑂 ") or both duty cycle 𝐷𝐷 and period length 𝑇𝑇 (method "fixed dead time 𝑡𝑡𝐷𝐷 ") must be controlled. Next
to this, some constraints must be respected to ensure that the coupling capacitor can be properly
charged and discharged and that the converter operates in discontinuous conduction mode.
Type

Boost-Converter
(step-up converter)

Buck-Converter
(step-down converter)

Buck-Boost-Converter
(inverting converter)

Topology

Fixed period length 𝑇𝑇

Charging time of the
coupling capacitor
Duty cycle

Minimum
duty cycle

Fixed pulse width 𝑡𝑡𝑂𝑂𝑂𝑂

Maximum
duty cycle

Period length

Minimum
period length
Minimum
pulse width

𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =

𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 )
𝐷𝐷 = �
𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2
𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀 =

𝐿𝐿 ∙ 𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼

𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀 = 𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀 ∙ �1 −
𝑇𝑇 =

𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀 =

𝑡𝑡𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
+ 𝑡𝑡𝑇𝑇
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼

𝑡𝑡𝑂𝑂𝑂𝑂−𝑀𝑀𝑀𝑀𝑀𝑀 =

Fixed dead time 𝑡𝑡𝐷𝐷

Minimum
on-time

Type

𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =

𝐿𝐿 ∙ 𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼

𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
𝐼𝐼𝑃𝑃

𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 =

𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀 =

𝐿𝐿 ∙ 𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝑇𝑇 ∙ (𝑉𝑉𝐼𝐼𝐼𝐼 − 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 )

𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀 = 𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀 ∙
𝑇𝑇 =

𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀 =

𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝑉𝑉𝐼𝐼𝐼𝐼

𝑡𝑡𝑂𝑂𝑂𝑂−𝑀𝑀𝑀𝑀𝑀𝑀 =

𝑡𝑡𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
+ 𝑡𝑡𝑇𝑇
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

𝐿𝐿 ∙ 𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∙ (𝑉𝑉𝐼𝐼𝐼𝐼 − 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 )

𝐿𝐿 ∙ 𝐶𝐶𝐶𝐶 ∙ (𝑉𝑉𝐼𝐼𝐼𝐼 + 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 )
𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼

𝐷𝐷𝑀𝑀𝑀𝑀𝑀𝑀 = 𝐴𝐴𝑀𝑀𝑀𝑀𝑀𝑀 ∙

𝑡𝑡𝑂𝑂𝑂𝑂 2 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 ∙ (𝑉𝑉𝐼𝐼𝐼𝐼 − 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 )
𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀 =

𝐶𝐶𝐶𝐶 ∙ (𝑉𝑉𝐼𝐼𝐼𝐼 + 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 )
𝐼𝐼𝑃𝑃

𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝐷𝐷 = �
𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2

𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝐷𝐷 = �
𝑇𝑇 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 ∙ (𝑉𝑉𝐼𝐼𝐼𝐼 − 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 )

𝑉𝑉𝐼𝐼𝐼𝐼
�
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

𝑡𝑡𝑂𝑂𝑂𝑂 2 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2
𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 )

On-time
(pulse width)

Period length

𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝐼𝐼𝑃𝑃

𝑇𝑇 =

𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝑉𝑉𝐼𝐼𝐼𝐼 + 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

𝑡𝑡𝑂𝑂𝑂𝑂 2 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2
𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

𝑇𝑇𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑡𝑡𝑂𝑂𝑂𝑂 ∙ �1 +
𝑡𝑡𝑂𝑂𝑂𝑂−𝑀𝑀𝑀𝑀𝑀𝑀 =

𝑉𝑉𝐼𝐼𝐼𝐼
� + 𝑡𝑡𝑇𝑇
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

𝐿𝐿 ∙ 𝐶𝐶𝐶𝐶 ∙ (𝑉𝑉𝐼𝐼𝐼𝐼 + 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 )
𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼

The equations for the calculation of the on-time 𝑡𝑡𝑂𝑂𝑂𝑂
can be found on the next page!
𝑇𝑇 =

𝑡𝑡𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
+ 𝑡𝑡𝐷𝐷
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼

𝑡𝑡𝑂𝑂𝑂𝑂−𝑀𝑀𝑀𝑀𝑀𝑀 =

𝐿𝐿 ∙ 𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼

Boost-Converter
(step-up converter)

𝑇𝑇 =
𝑡𝑡𝑂𝑂𝑂𝑂−𝑀𝑀𝑀𝑀𝑀𝑀 =

𝑡𝑡𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
+ 𝑡𝑡𝐷𝐷
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

𝐿𝐿 ∙ 𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∙ (𝑉𝑉𝐼𝐼𝐼𝐼 − 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 )

Buck-Converter
(step-down converter)

𝑇𝑇 = 𝑡𝑡𝑂𝑂𝑂𝑂 ∙ �1 +
𝑡𝑡𝑂𝑂𝑂𝑂−𝑀𝑀𝑀𝑀𝑀𝑀 =

𝑉𝑉𝐼𝐼𝐼𝐼
� + 𝑡𝑡𝐷𝐷
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

𝐿𝐿 ∙ 𝐶𝐶𝐶𝐶 ∙ (𝑉𝑉𝐼𝐼𝐼𝐼 + 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 )
𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼

Buck-Boost-Converter
(inverting converter)
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On-time
with 𝑡𝑡𝑇𝑇 = 0

1)

Period length
with 𝑡𝑡𝑇𝑇 = 0 1)

𝑡𝑡𝑂𝑂𝑂𝑂 =
𝑇𝑇 =

𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝑉𝑉𝐼𝐼𝐼𝐼 2

𝑡𝑡𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼

𝑡𝑡𝑂𝑂𝑂𝑂 =
𝑇𝑇 =

𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂
𝑉𝑉𝐼𝐼𝐼𝐼 − 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

∙ �𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ (𝑉𝑉𝐼𝐼𝐼𝐼 + 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 ) + �𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ �𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ (𝑉𝑉𝐼𝐼𝐼𝐼 + 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 )2 + 4 ∙ 𝑡𝑡𝐷𝐷 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 ��
𝑡𝑡𝑂𝑂𝑂𝑂 =

𝑡𝑡𝑂𝑂𝑂𝑂 =

1

2 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2

1
𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ �𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 + 4 ∙ 𝑡𝑡𝐷𝐷 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 ∙ (𝑉𝑉𝐼𝐼𝐼𝐼 − 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 )�
∙ �𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 + �
�
2 ∙ (𝑉𝑉𝐼𝐼𝐼𝐼 − 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 )
𝑉𝑉𝐼𝐼𝐼𝐼

∙ �𝐿𝐿 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 + �𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ �𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 2 + 4 ∙ 𝑡𝑡𝐷𝐷 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2 ∙ (𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 − 𝑉𝑉𝐼𝐼𝐼𝐼 )��
𝑡𝑡𝑂𝑂𝑂𝑂 =

1

2 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼 2

Fixed dead time 𝑡𝑡𝐷𝐷

On-time
(pulse width)

𝑡𝑡𝑂𝑂𝑂𝑂 =

𝑡𝑡𝑂𝑂𝑂𝑂 ∙ 𝑉𝑉𝐼𝐼𝐼𝐼
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

𝐿𝐿 ∙ 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 ∙ (𝑉𝑉𝐼𝐼𝐼𝐼 + 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 )
𝑉𝑉𝐼𝐼𝐼𝐼 2

𝑇𝑇 = 𝑡𝑡𝑂𝑂𝑂𝑂 ∙ �1 +

𝑉𝑉𝐼𝐼𝐼𝐼
�
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

1) In an actual design, the dead time 𝑡𝑡𝐷𝐷 should be short compared to the period length 𝑇𝑇. If the dead
time is sufficiently short, it can be assumed to be 𝑡𝑡𝐷𝐷 = 0. With this, the complex equations for the
on-time can be simplified considerably.
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8 Prototype Borgna-Converter
In this chapter, the prototype, which has been designed, assembled and tested by the authors in the
frame of the CTI project, is being presented. This prototype is a bidirectional Borgna-Converter with the
same basic specifications as the design example from chapter 5:
Input voltage
Output voltage
Output power
Switching frequency

𝑉𝑉𝐼𝐼𝐼𝐼 =

800V

𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 =

400V

𝑓𝑓𝑆𝑆𝑆𝑆 =

50kHz

𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂 =

2kW

The designations input and output refer to operation in buck-mode. Figure 10 shows the schematic of
the prototype's power stage and Table 2 shows its bill of materials.

Figure 10: Schematic of the prototype's power stage

Qty.

Pos.

Type

Manufacturer

Description

4

C1, C2,
C3, C4

FE37M6C0206KB

AVX Corp.

film capacitor 20 μF / 900 VDC

1

C5

B32682A2102K000

EPCOS

film capacitor 1 nF / 2'000 VDC

4

D1, D2,
D3, D4

IDW10S120

Infineon

SiC Schottky diode 10A / 1'200V

2

L1, L2

Self-wound inductor, ca. 648 μH, core PQ 50-50, core material N95,
air gap ca. 4.3mm, 84 turns of high-frequency stranded wire 270 x 0.004mm2.

4

T1, T2,
T3, T4

C3M0120090J

Wolfspeed

SiC power MOSFET 900 V / 22 A / 120 mΩ

2

T5, T6

C3M0280090J

Wolfspeed

SiC power MOSFET 900 V / 11 A / 280 mΩ

Table 2: Bill of materials of the prototype's power stage

The SiC MOSFET are driven by isolated gate drivers type ADuM4120 from Analog Devices. Resistors of
100Ω are used between the drivers and the gates of all MOSFETs.
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There are a few remarks concerning the design of the prototype to be made:
•

The prototype is a technology demonstrator, designed according to the best practise method. Thus,
its components have been selected from solely technical and not economical aspects. Because of
this, MOSFETs and Schottky diodes based on silicon carbide have been used. They are expensive,
but represent the latest state of the art.

•

In buck-mode, MOSFETs T1 and T3 as well as diodes D2 and D4 are active. In boost-mode, MOSFETs
T2 and T4 as well as diodes D1 and D3 are active. It would be possible to turn on the MOSFETs
during the on-phase of their parallel diodes as well. With this, the conduction losses during the
demagnetization time could virtually be reduced by half. However, this is not without risk, because
the MOSFETs have to be turned off before the inductor currents cross zero. Therefore, this was not
implemented in the prototype.

•

T5 and T6 form the bypass switch. As they should carry the cross-current only (about 620mA during
the dead time), they are oversized.

•

The whole circuitry has been assembled on a four-layer PCB board of 184mm x 128mm. The
semiconductors are mostly cooled by the PCB's copper areas. Additionally, small copper strips have
been soldered to the MOSFET's tab. Largely due to the small power dissipation, no large heatsinks
are necessary (see Figure 11).

•

The control unit has been realised with an 8-bit microcontroller type ATmega16 from Atmel. The
controller works with variable pulse width and fixed period length (see chapter 6.2). The controller
has not been optimized for dynamic loads on purpose. Instead, it is optimized to operate the
converter in a stable operating point, which allows easy access for measurements.

•

Originally, it was planned to use ultralow ESR capacitors on both input and output. However, our
investigation showed that high-capacity foil capacitors (also known as DC link capacitors) are a better
solution. Due to their low ESR (5.5mΩ) and high resonance frequency (nearly 200kHz) two such foil
capacitors of 20μF provide a better ripple rejection than one single ultralow ESR electrolytic capacitor
of 820μF. Moreover, they can withstand higher ripple currents, have a considerable higher lifetime
and cost even less.

•

The secondary side of the gate drivers of the high-side transistors T1 and T3 are being supplied by
a bootstrap circuit consisting of a diode and a capacitor.

•

The gate drivers of the bypass-switches T5 and T6 require a floating power supply on their secondary
side. This supply has been realised with an auxiliary winding with three turns in one of the two
inductors.

Figure 11: Prototype 2kW Borgna-Converter
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8.1 Efficiency measurements
The prototype's efficiency has been measured with a precision power analyser type WT3000 from
Yokogawa. Figure 12 shows the efficiency versus the output power in both buck- and boost-mode.

100
buck-mode

Efficiency in %

99

98

97

boost-mode

𝑉𝑉𝐼𝐼𝐼𝐼 = 800 V
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 = 400V
𝑓𝑓𝑆𝑆𝑆𝑆 = 50 kHz

96
0

500

1,000
1,500
Output Power in Watt

2,000

Figure 12: Efficiency of the prototype vs. output power

It must be remarked that the efficiency measurement does only include the conversion losses of the
power stage. The power consumption of the controller and the MOSFET drivers are not included.
However, these add up to less than 600mW, which is less than 0.03% of the prototype's rated power
(and the control unit hasn't even been optimized for low power). Considering this, it is fair to say that
the prototype's peak efficiency is well above 99.3%.
It is plain to see that both efficiency curves have a considerable ripple. For example, between 1'200W
and 1'500W, the efficiency increases about 1%. Above that it decreases about 0.6%. The reason for this
instability is inductor current ringing, which is caused by the parasitic capacitances of the power stage.
These parasitic capacitances are mostly the output capacitances of the MOSFETs and add up to a total
capacitance in the range of a few hundred pico-farads and a few nano-farads (with a distinct voltage
dependence). In an equivalent circuit diagram, the parasitic capacitance can be modelled as a small
capacitor between the chopper voltage and ground. During the converter's dead time, this capacitor
forms a series resonance with the inductors, which oscillates with a damped oscillation of approximately
325kHz. If at the beginning of the next switching cycle the main switches are turned on again, the
parasitic capacitance becomes shorted and any energy stored in the capacitance is dissipated inside the
main switches. The amount of this energy loss depends on the instantaneous value of the parasitic
capacitor's voltage at turn-on of the main switches, which in turn depends on the duration of dead time.
With the control method used (variable pulse width, constant period length), the dead time depends on
the converter's output power. If the converter has an output power which causes the main switches to
turn-on at a moment, when the parasitic capacitor's voltage is low, then the efficiency is high. This
mode of operation is shown in Figure 13. This scope image shows the chopper voltages of the two subconverters. Except from the alternating turn-off of the main switches, the two curves are congruent (for
most of the switching cycle, the two chopper voltages are shorted by the bypass switch). The oscillation
during the dead time is clear to see. The turn-on of the main switches happens at the very moment,
when the voltage of the parasitic capacitance is closest to zero. The situation in Figure 14 is quite
different. Here, the parasitic capacitance is shorted when its voltage is close to its maximum value.
Thus, the whole energy of the resonance circuit is dissipated, which leads to a severe loss in efficiency.
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Figure 13: Turn-on at the optimal moment
(boost-mode, 𝑷𝑷𝑶𝑶𝑶𝑶𝑶𝑶 = 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏, 𝜼𝜼 = 𝟗𝟗𝟗𝟗. 𝟒𝟒%)

scaling of the scope images:

Figure 14: Turn-on at the worst possible moment

vertical:

(boost-mode, 𝑷𝑷𝑶𝑶𝑶𝑶𝑶𝑶 = 𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏, 𝜼𝜼 = 𝟗𝟗𝟗𝟗. 𝟕𝟕%)
200V/Div

horizontal: 10μs/Div
measuring instrument:

LeCroy HDO2024 with 1:20 probes

To optimize the efficiency over the whole output power range, the controller should make sure that the
main switches are always turned on at the optimal moment. This could be achieved by use of a control
method with fixed dead time. However, to keep the effort low, this was not implemented in the
prototype yet. Furthermore, it must be remarked, that a bidirectional converter such as our prototype
always has relatively large parasitic capacitances, because compared to a unidirectional converter it
contains twice as many power semiconductors. In a test, we disassembled the components for the
boost-mode (D1, D3, T2 & T4) and let the converter operate in buck-mode with optimized voltage
(𝑉𝑉𝐼𝐼𝐼𝐼 = 600V, 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 = 400V). In this test, our prototype even achieved a peak efficiency of 99.6%! However,
the most potential for optimization lies in the right method of control. We assume that with an
optimized controller (which always turns on the power switches at the best possible moment), a stable
efficiency of more than 99% can be achieved over a wide output power range. It remains to be said that
the problem with the parasitic oscillation is not limited to Borgna-Converters but is present in all
switched mode power converters in discontinuous conduction mode. In the literature, this is sometimes
referred to as "inductor current ringing". However, because of the otherwise very high efficiency of
Borgna-Converters, the losses caused by this effect weigh much more than in a conventional design
(e.g. with an inverter with only 90% peak efficiency, the losses caused by inductor current ringing are
almost negligible).
A very nice result of the prototype's high efficiency is the moderate heating of the power
semiconductors. Figure 15 shows a thermal image of the active power semiconductors in boost-mode
at 𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂 = 2145W. The total power dissipation is about 13W. The two warmest components in the middle
of the image are the Power MOSFET T2 and T4. The case temperature is about 96°C. The junction
temperature is approximately 10°C to 15°C higher and should be in the range of 110°C. At this junction
temperature, a SiC-MOSFET can be operated without derating. This is possible, even though the
MOSFETs are only cooled by copper areas on the PCB of about 9cm2 each (copper thickness 35μm).

Figure 15: Thermal image at full load
Berner Fachhochschule | Haute école spécialisée bernoise | Bern University of Applied Sciences

24

8.2 EMC Measurements
Measurements of the conducted emissions according to CISPR 11 have been performed on all terminals
of the prototype. For these measurements, the device was operated in boost-mode with 𝑉𝑉𝐼𝐼𝐼𝐼 = 400V,
𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂 = 800V and 𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂 = 2145W. Measurements in buck-mode have been performed as well with
comparable results. However, we did not perform any measurements of radiated emissions, because
they don't make any sense if the prototype is not placed in a shielded housing. The following figures
show the conducted emissions on all terminals. The curves represent quasipeak values. The limiting
values, which represented by red lines in the measurements, can be ignored as the do belong to a test
standard not relevant for this application.

Figure 16: Emissions at the positive input terminal

Figure 17: Emissions at the negative input terminal

Figure 18: Emissions at the positive output terminal

Figure 19: Emissions at the negative output terminal

The level of all conducted emissions lies below 80dBμV. It must be emphasized that these are the values
of the converter's power stage without any filtering. For a DC-to-DC-converter of 2kW, this is already a
more than respectable test result.
An investigation showed that the emissions at high frequency are caused because the conductors with
the chopper voltage have a relatively large parasitic capacitance towards infinity. Due to this parasitic
coupling, common-mode noise is generated. However, this noise was considerably reduced by shielding
the power electronic components and inductors with a thin sheet of copper which was connected to
GND. Additionally, a small choke of 1μH has been connected between the coupling capacitors on both
the input and the output. With these small modifications, the prototype's conducted emissions have
been sufficiently reduced to be kept below the limits according to CISPR 11 over the whole relevant
frequency range.
The prototype with the shielding is shown in Figure 20 on page 26. Figure 21 shows the measurement
of the conducted emissions at approximately 940W of output power. Compared to the measurement of
Figure 18, the noise level has been reduced by more than 10dB. The limiting values for CISPR 11 class
B devices (red curve in Figure 21) are not violated. Considering the low effort for EMC suppression, this
is also a very good result.
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Figure 20: 2kW prototype with shielding

Figure 21: Emissions on the positive output terminal with the measures for EMC suppression
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9 Conclusion and Outlook
When designing a conventional, hard-switching DC-to-DC-converter, there is always a trade-off between
high efficiency and low electromagnetic disturbances. If you want to keep the efficiency high, fastswitching semiconductors must be chosen. However, this has a negative impact on the EMC. On the
other side, slow switching improves the EMC, but increases the switching losses. Until now, this dilemma
could be avoided by use of zero-voltage / zero-current switching topologies such as resonant
converters. However, such converters usually have a complex structure and pose high demands to the
control unit. Possibly because of this, resonant converters can only be found in a few very specialized
applications.
In this project, the authors could show that by use of the CCP principle it is possible to design a DC-toDC-converter with more than 99% peak efficiency and whose electromagnetic noise is low even without
filtering. Despite these advantages, the realised prototype remains quite simple. Even though the
converter consists of two identical sub-converters, due to the absence of heatsinks or EMC filters, the
number of components remains low. All in all, the authors assume that despite the superior
performance, the total manufacturing costs of a Borgna-Converter can be kept in the range of a
comparable hard-switching converter. Due to the low costs of modern microcontrollers and
programmable logic devices, the additional cost for the somewhat more sophisticated control unit are
also low. Considering the energy savings due to the high efficiency, the total lifetime-costs of BorgnaConverters are assumed to be far below the costs of conventional switched-mode power converters.
Therefore, the authors see many potential fields of application for Borgna-Converters. Obviously, it is
not a coincidence that the Borgna-Converter has been invented by a member of a laboratory for
photovoltaic systems: Amongst manufacturers of photovoltaic inverters, there is a strong competition
for the highest efficiency. For this fast-growing, multi-billion-dollar market, Borgna-Converters are
downright predestined. Also, in many other applications (e.g. electric cars, trains, uninterruptable power
supplies), Borgna-Converters have the potential to become the new state-of-the-art.
Even today, high-power DC-to-DC converters often have a modular design with several sub-converters
in parallel mode. In such applications, there is little reason not to couple the sub-converters in pairs
and let them operate as Borgna-Converters – the additional costs are minimal. In the field, the only
disadvantage could be the relatively high ripple currents, which are caused by the discontinuous
conduction mode. However, in high-power applications, this can be avoided by using two or more
Borgna-Converters in phase-shifted parallel mode (interleaved Borgna-Converters). Also, the use of
modern, high-capacity foil capacitors (known as DC link capacitors) has many advantages compared to
classic low-ESR electrolytic capacitors.
The Laboratory for Photovoltaic Systems of Bern University of Applied Sciences has applied for a patent
for the Borgna-Converter and its method of control. However, the aim of this patent is not to monopolise
this technology or to eliminate the competition. More so, the authors have a vast interest for the BorgnaConverters to find their way to the market and that they can be used widely in both the industrial and
domestic sector. Therefore, licences on the patent can be purchased by everyone at very low rates. Also,
the authors are looking for interested partners for further developments.
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10 Glossary
𝐴𝐴

AC

Activity ratio. The share of the period length, in which the inductors carry a
current (other than the cross-current). Definition: 𝐴𝐴 = (𝑡𝑡𝑂𝑂𝑂𝑂 + 𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷 )/ 𝑇𝑇

BFH

Bern University of Applied Sciences (German: Berner Fachhochschule).

Boost-Converter

Step-up-Converter. An electronic DC-to-DC power converter which converts a
lower input voltage into a higher output voltage.

Buck-Boost-Converter

Inverting converter. An electronic DC-to-DC power converter which converts an
input voltage into a lower or higher output voltage with inverted polarity.

Buck-Converter

Step-down-Converter. Al electronic DC-to-DC power converter which converts
a higher input voltage into a lower output voltage.

𝐶𝐶𝐶𝐶

Coupling capacitor between the sub-converter's chopper voltage.

Alternating Current.

𝐶𝐶𝐼𝐼𝐼𝐼

Smoothing capacitor at the input of the converter.

𝐶𝐶𝑂𝑂𝑂𝑂𝑂𝑂

Smoothing capacitor at the output of the converter.

CCP

Capacitive Coupled Pair. The fundamental operating principle of BorgnaConverters, which is explained in chapter 3

Chopper voltage

The voltage, which is being switched (chopped) by the power semiconductors.
Usually, this voltage is present at the common node between main switch,
diode and inductor.

CTI

Swiss Commission for Technology and Innovation. Has been replaced by
Innosuisse at the end of 2017.

𝐷𝐷

Duty Cycle. The share of the period length in which the main switches are
turned on. Definition: 𝐷𝐷 = 𝑡𝑡𝑂𝑂𝑂𝑂 /𝑇𝑇.

𝐷𝐷2

Diode of the second sub-converter.

DC

Direct Current.

EMC

Electromagnetic compatibility.

EMI

Electromagnetic interferences.

ESR

Equivalent Series Resistance. Series resistance in the equivalent circuit diagram
of a non-ideal capacitor.

𝑓𝑓𝑆𝑆𝑆𝑆

The converter's switching frequency. Definition: 𝑓𝑓𝑆𝑆𝑆𝑆 = 1/𝑇𝑇

𝐷𝐷1

Diode of the first sub-converter.

GND

Ground. Neutral potential of a circuit. Other potentials usually relate to GND.

𝐼𝐼𝐶𝐶𝐶𝐶 −𝑅𝑅𝑅𝑅𝑅𝑅

RMS value of the current trough the coupling capacitor. It is imperative that the
type of capacitor is chosen with respect to this value.

𝐼𝐼𝐼𝐼𝐼𝐼

DC input current (Sum of both sub-converters).

𝐼𝐼𝐼𝐼𝐼𝐼−𝐴𝐴𝐴𝐴

AC share of both sub-converter's input current without smoothing capacitors.
This current flows through the input capacitors.

Innosuisse

Swiss Innovation Agency. Swiss federal agency with the aim to promote
science-based innovation in the interests of industry and society in Switzerland.
Formerly known as CTI (Swiss Commission for Technology and Innovation).

𝐼𝐼𝐼𝐼𝐼𝐼−𝑅𝑅𝑅𝑅𝑅𝑅

RMS value of both sub-converter's input current without smoothing capacitors.
This current is the geometric sum of 𝐼𝐼𝐼𝐼𝐼𝐼 and 𝐼𝐼𝐼𝐼𝐼𝐼−𝐴𝐴𝐴𝐴 .

𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂

DC output current (sum of both sub-converters).
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𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂−𝐴𝐴𝐴𝐴

AC share of both sub-converter's output current without smoothing capacitors.
This current flows through the output capacitors.

𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂−𝑅𝑅𝑅𝑅𝑅𝑅

RMS value of both sub-converter's output current without smoothing
capacitors. This current is the geometric sum of 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂 and 𝐼𝐼𝑂𝑂𝑂𝑂𝑂𝑂−𝐴𝐴𝐴𝐴 .

𝐿𝐿

Inductance value of the inductors.

𝐿𝐿2

Inductor of the second sub-converter.

𝑄𝑄𝐼𝐼𝐼𝐼

Electrical charge, which is absorbed from the input by one inductor during one
switching cycle.

RMS

Root-Mean-Square. Value to characterize the ability of a voltage or current to
dissipate power in an ohmic resistor.

𝑆𝑆1

Main switch of the first sub-converter.

𝑆𝑆3

Bypass switch between the sub-converters. When activated, this switch
bypasses the coupling capacitor.

𝐼𝐼𝑃𝑃

Peak value of the inductor current.

𝐿𝐿1

Inductor of the first sub-converter.

𝑃𝑃𝑂𝑂𝑂𝑂𝑂𝑂

Output power. Also the nominal rated power of the converter.

𝑄𝑄𝑂𝑂𝑂𝑂𝑂𝑂

Electrical charge, which is injected into the output by one inductor during one
switching cycle.

𝑆𝑆2

Main switch of the second sub-converter.

SiC

Silicon Carbide. Novel base-material for power semiconductors. Replacement
for the classic Silicon (Si).

𝑇𝑇

Period length resp. duration of one switching cycle. Definition: T = 1/fSW

𝑡𝑡𝐷𝐷𝐷𝐷𝐷𝐷

Demagnetization time. During this time, the inductor currents fall from their
peak value 𝐼𝐼𝑃𝑃 back to zero.

𝑡𝑡𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

Time needed to charge or discharge the coupling capacitor.

𝑡𝑡𝐹𝐹

Fall-Time. Time, in which the current of a switching device falls from 90% to
10% during turn-off. Can be found in the device's datasheet.

𝑡𝑡𝑂𝑂𝑂𝑂

On-time. During this time, the main switches are activated (conducting).

𝑡𝑡𝑂𝑂𝑂𝑂𝑂𝑂

Off-time. During this time, the main switches are deactivated (blocking).

𝑡𝑡𝑇𝑇

Dead time. During this time, neither the main switches nor the diodes carry
any current. Should be low for high efficiency.

𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂

DC output voltage.

𝑉𝑉𝐼𝐼𝐼𝐼

DC input voltage.
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