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Abstract
Nowadays, electric vehicles are the main alternative to traditional vehicles. How-
ever, they have some drawbacks, such as the charging time of the batteries.

The digital control of the DC/DC stage of a 300 kW fast charger station including
parallel connection of 100 kW modules are subject of this thesis. The goal with
fast charging is to drastically reduce the charging time, reducing it to 15-20 min for
heavy electric vehicles, such as trucks and buses.

The topology selected for this DC/DC converter is a bidirectional dual active bridge
DC/DC converter. Therefore, the main parameter to control in this converter is the
phase shift between the voltages of the bridges.

The main objectives of this Master Thesis are: a deeply understanding of the
charger’s topology, specially the DC/DC converter; a description of the DC/DC
converter operation; the selection of the charging strategy; modeling the system;
developing the digital control of a single module DC/DC converter; deciding the
parallel connection for a 3 modules DC/DC converter and, finally, its control strat-
egy and obtaining the digital control of the 3 modules DC/DC converter.

This objectives were developed along this Master Thesis, and a digital control of a
300 kW DC/DC converter in charging mode was achieved.

As future work, the discharging mode of the DC/DC converter is suggested to be
studied as well. Also, the implementation on a DSP can be started, as well as its
implementation in a prototype to analyze the behaviour in a real system.

Keywords: power, electronics, digital, control, DC/DC, converter, charging, electri-
cal, vehicles.
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1
Introduction

Nowadays, pollution is one important challenge in the society that needs special
attention. Climate change is already a global issue that needs to be solved with
technology. Also, fossil fuels are being exhausted. Therefore, finding alternatives to
traditional combustion engines vehicles is urgent.

For that purpose, several alternatives to fossil fuels and traditional vehicles have
appeared, such as biofuels, natural gas, hydrogen or LPG. However, the one that
have taken advantage is the electric vehicle. Among other reasons, some advantages
of electric vehicles are that they do not have in situ emissions, they do not have gear
box or that they are independent of fossil fuels. However, they have some drawbacks
as well, such as the batteries’ autonomy or the long charging time.

Also, due to the ongoing research it seems that, in the future, electric vehicles are
going to play an important role in the decentralized electric market. In order to
fully implement the renewable energies in our society, it seems extremely important
to be able to store the energy from those solar panels of the roofs or any other
discontinuous renewable energy sources. For that purpose, electric vehicles could
play the role of portable batteries, where they can be used as batteries when there
is an exceed of energy production and, at the same time, they can provide energy
and behave as energy sources when needed.

Besides, it is at this point where this project appeared. This Master Thesis is
involved in a bigger project held by Elbind Electronik and Chalmers University
of Technology, where a fast charging station for heavy electric vehicles is being
developed. The aim of this project is to charge batteries of trucks and buses in
about 15-20 minutes, drastically reducing the charging time. Therefore, the charger
is going to have a power level of 300 kW. But, also, due to the reason previously
mentioned, this charger needs to be bidirectional, in order to fulfill that requirement.

Finally, the aim of this Master Thesis is developing a digital control for the DC/DC
converter of the charger using Simulink and Matlab.

Therefore, the goals of this Master Thesis are:

1. Understanding of the charger’s topology, specially the DC/DC converter.

2. Description of the DC/DC converter operation.

1



1. Introduction

3. Selection of the charging strategy.

4. Modeling the system.

5. Developing the digital control of a single module DC/DC converter.

6. Deciding the parallel connection for a 3 modules DC/DC converter and its
control strategy.

7. Obtaining the digital control of the 3 modules DC/DC converter.

Thesis outline

After this introduction, in chapter 2 an explanation of the converter’s topology and
operation is presented, highlighting the importance of the DC/DC converter. In
chapter 3, the digital control of a single module DC/DC converter is discussed. In
chapter 4, the digital control of a 3 modules module DC/DC converter is developed,
where it was necessary also to decide the parallel connection of the modules and
the control strategy for them. In chapter 5, the results from previous discuss are
exposed. Finally, in chapter 6, the conclusions and future work are proposed as a
continuation of this Master Thesis.

2



2
Theory

2.1 Charger’s topology

In this section, a general description of the charger is presented.

This charger is aim to charge batteries of heavy electric vehicles, such as electric
trucks or buses, where the battery is considerably big. Specifically, the batteries that
this charger is supposed to feed are those with voltage around 700 V and capacity
of 100 kWh. The aim of this charger is to charge them fast, in order to have them
fully charged in 15-20 minutes. For that purpose, a 300 kW charger was decided to
be developed.

Due to the relevant role that electric cars are going to play in the integration of re-
newable energies in the cities, it is important to develop bidirectional chargers which
are able to feed the battery but, also, feed the grid with the energy from the vehicle
when needed. Therefore, even though it makes more complex the development of
the charger, a bidirectional 300 kW charger was decided to be developed.

Besides, based on previous research, the selected structure is the one shown in Figure
2.1.

The elements shown in Figure 2.1 are, from the left to the right:

• The grid, with a AC line-to-line voltage of 400 V.

• A voltage source converter (VSC) to provide a DC voltage of 700 V to the
DC-link between the VSC and the DC/DC converter.

• The DC-link with a capacitor to provide smooth current and voltage from the
VSC to the DC/DC converter.

• A DC/DC converter, to regulate the power supplied to the battery.

• Finally, the battery itself, with a previous capacitor to provide again smooth
current and voltage to the battery.

3



2. Theory

Figure 2.1: General structure of the bidirectional 300 kW charger.

The aim of this thesis is developing the digital control of the DC/DC converter in
order to regulate the power supplied to the battery. Therefore, from now onwards,
only the DC/DC converter is going to be considered. However, it was important to
have a general picture of the charger before focusing on the DC/DC converter.

2.2 Single phase dual active bridge DC/DC con-
verter

The dual active bridge (DAB) topology is a bidirectional topology that cam have a
compact and efficient design. Also, one of the main advantages of a DAB converter
is the low number of passive elements and its soft switching properties. In addition,
with a DAB converter, high power density is feasible [1]. As a result, the structure
used is shown in Figure 2.2.

Figure 2.2: The dual active bridge bidirectional DC/DC converter used.

Since a 300 kW level power is desired, instead of building a single module charger of
300 kW, which is not possible as it is explained in section 2.3, a parallel configuration
is implemented. Therefore, each module will handle 100 kW. To achieve that power,
the main characteristics of the converter are:

• Voltage of 700 V.

• Power of 100 kW.

4



2. Theory

• Peak current of 160 A.

• Switching frequency of 25 kHz.

In the following two sections, a description of the converter from Figure 2.2 is going
to be exposed followed in the next section by the converter operation.

2.2.1 Topology description

In this section, a description of the components of the converter is going to be
presented. Based on Figure 2.2 and going from the left to the right, the next
elements are presented:

• Vin is the DC voltage that comes from the VSC. It is 700 V.

• C1 is the input filter based on a single capacitor. It is used to provide a smooth
current and voltage to the converter.

• The first full bridge is in charge of converting the DC system into the AC
system. It is built by MOSFETs since it is going to deal with voltages of 700
V, current peaks of 160 A and switching frequencies of 25 kHz. Each one can
be in short circuit (1) or open circuit (0). In order, they are: sw1, sw2, sw3,
sw4.

• The inductance L selected to obtain the desired current, This inductance is
the key of the system, as it will be seen later.

• Transformer with a ratio of 1:1. It is required to achieve electric isolation and
protect both sides of the charger and the charger itself.

• The second full bridge is in charge of converting the AC system back again to
the DC system. It is built by MOSFETs since it is going to deal with voltages
of 700 V, current peaks of 160 A and switching frequencies of 25 kHz. Each
one can be in short circuit (1) or open circuit (0). In order, they are: sw5,
sw6, sw7, sw8.

• C2 is the output filter based on a single capacitor. It is used to provide a
smooth current and voltage to the battery.

• Finally, a load that represents the battery of 700 V.

More specific information cannot be provided due to confidential reasons.
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2.2.2 Converter operation

In this section the converter operation is going to be explained. This explication is
based on the lossless model, which is the same shown in Figure 2.2.

To simplify the analysis, the dual active bridge can be seen as shown in Figure 2.3.

Figure 2.3: The lossless DAB model.

Where each bridge represents a voltage source. Therefore, in order to appear some
current in the system, both have to be time varying and have a delay between them.
Otherwise, the voltage across the inductance would be 0 and no current would
circulate in the system.

The three possible voltages of vac1, depending on the switching operation, are:

vac1 =


+Vin, sw1 sw4 ON, sw2 sw3 OFF
0, sw1 sw3 ON, sw2 sw4 OFF
0, sw2 sw4 ON, sw1 sw3 OFF
−Vin, sw2 sw3 ON, sw1 sw4 OFF

(2.1)

and similar with vac2, where for this converter, both are going to be square waves.
The difference between them,

vL = vac1 − vac2 (2.2)

is applied to the inductance, that generates a current in the circuit, which is:

iL = il(t0) + 1
L

∫ t0

t1
vL dt ∀ t1 > t0. (2.3)
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Thus, by controlling the voltage difference between vac1 and vac2, the current through
the inductance and, therefore, the current through the system can be controlled [1].
Finally, the average value of iL is 0 but, since it is rectified afterwards by any of the
bridges, the DC output current can be controlled as well, as it is going to be shown
in equations 2.5 and 2.6.

Besides, since vac1 and vac2 are square waves, the controlled parameter is going to
be the phase shift between the two of them.

Finally, following the process in [1] about the phase shift modulation, the following
equation about power as a function of the phase shift was obtained:

P = P1 = P2 = n V1 V2 φ (π − |φ| )
2 π2 fs L

(2.4)

Where n is the transformer ratio, V1 and V2 the DC voltages, φ is the phase shift,
fs is the switching frequency and L the inductance.

Moreover, since the power, in the DC side, is P = V2Iout, the conclusion is that
there is a direct relationship between the output current and the phase shift:

I1 = P1

V1
= n V2 φ (π − |φ| )

2 π2 fs L
(2.5)

I2 = P2

V2
= n V1 φ (π − |φ| )

2 π2 fs L
(2.6)

On the other hand, there is another important equation [1] that provides the phase
shift needed to achieve a certain amount of power:

φ = π

2

1−
√

1− 8 fs L |P |
n V1 V2

 (2.7)

Finally, the circuit from Figure 2.2 was developed in Simulink and it was verified
that the circuit behaves as it was expected from formulas, as it can been seen in
Figure 2.4 and Figure 2.5.

7



2. Theory

Figure 2.4: Simulink system working with a phase shift of 51.47◦.

Figure 2.5: Actual values from variables of the Simulink system working with a
phase shift of 51.47◦. The variables are, in order: vac1, vac2, vL the voltage across the
inductance, iL the current across the inductance in the AC side and iout the output
DC current.
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The Simulink blocks from Figure 2.4 are explained in the section 3.3. For this
verification process, all the parameters previously mentioned were used and the
phase shift was settled in 51.47◦. According to the equation 2.6, the expected output
current from a lossless model is 142.92 A, which means that the Simulink system
has an error or 0.5 %. It is important to remark that some resistance were needed
to be introduced in order to be the system realizable.

Therefore, the Simulink model was validated since the values obtained were the
ones expected from formulas, according to the phase shift introduced. Besides, the
losses of the system where introduced and finally the Simulink circuit was ready
to represent the real system. Once again, these values cannot be given due to the
confidential agreement.

In the next chapter, the development of the digital control of the DC/DC converter
is going to be presented. First, the control of a one module DC/DC converter is
going to be presented. After that, the parallel connection of 3 modules is going to
be studied. Finally, the digital control of the 3 modules DC/DC converter is going
to be shown.

2.3 The reason of using a 3 modules DC/DC con-
verter

In this section an answer to the question about why not using a big one module
DC/DC converter instead of a 3 modules DC/DC converter is going to be solved.

As a direct answer, it is important to point out that the current power modules are
not capable to held currents above 300A. Therefore, even if the module was able to
produce those 300A, the maximum power would be 210kW.

However, based on equation 2.4, it is going to be studied why is convenience to have
several modules rather than one but big. According to equation 2.4, the parameters
that could be changed are: V1, the phase shift φ, the switching frequency fs or the
inductance L.

First, as it is shown in Figure 2.6, just changing the phase shift, the maximum
power that could be provided with this module would be 122.5kW. Therefore, it is
not enough. But not only this, that situation happens when the phase shift is 90◦,
which is an undesired point due to safety stability interval, where it is not desired
to have phase shifts bigger than 70◦.
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Figure 2.6: Power as function of the phase shift.

Another parameter that could be changed would be the input voltage V1. As it can
be seen in Figure 2.7. For reaching those 300kW, an input voltage of 1.95kV would
be needed. However, it would not be sensible at all since it would be necessary
to connect to another point of the grid and it would be more expensive since high
voltage protections and safety measures would be needed. Moreover, there would
still be 700V, which is impost by the battery, on the secondary side of the converter
and, therefore, the first restriction mentioned would still apply.

Figure 2.7: Power as function of the input voltage.

The next parameter that could be changed would be the switching frequency fs. As
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it can be seen in Figure 2.8, to achieve a power of 300kW, a switching frequency
of 8.97 kHz would be needed. However, by decreasing the switching frequency, the
controllability of the converter would be decreased as well. Even more, nowadays the
general trend in power electronic systems is towards a higher frequency operation.
Therefore, it would be a nonsense decreasing the switching frequency.

Figure 2.8: Power as function of the input voltage.

The final parameter that could be changed would be the inductance L. However, this
graph can not be shown, although the shape is the same as before with the switching
frequency. Therefore, by decreasing that inductance, the power would be increased.
On the other hand, low values of inductance increases the current ripple. Therefore,
it is fundamental to find a balance between those two phenomenons, concluding that
the value selected was the most suitable for this converter.

All things considered, it has been demonstrated that using several modules in parallel
is needed.
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3
Digital control of a single module

converter

As it is mentioned before, a single module converter was studied. A digital con-
trol is developed in order control the power supplied to the battery of the vehicle.
Therefore, in this section, different digital control methods of a one module con-
verter are shown. The aim of this section is to show when to use a voltage control,
current control or controlling both at the same time with a cascade control. First,
an analog control was implemented. Once it was developed, the digital control
was finally studied, base on the analog control. This is because, nowadays, digital
signal processors (DSPs) are being implemented for high power converters, due to
the fact that a high computational performance is available. Among other reasons,
some advantages of the digital control are that it has higher flexibility and a higher
electromagnetic interference immunity [1].

The first decision made was whether to use an open-loop control or a close-loop con-
trol. On one hand, an open-loop control is easier to implement and cheaper, since
any measurement equipment is required. However, even though a good converter
model can be obtained, it is never guaranteed that the applied input signal is supply-
ing the expected output power, since the real model is never going to be completely
the same as expected throughout its operating life. On the other hand, a close-loop
control is more difficult to implement and more expensive. Nevertheless, since the
output is always controlled, it is completely guarantee that the applied input is the
necessary to obtain the required output. Not only this, because of safety reasons,
measuring the output is needed. Therefore, a close-loop control was decided to be
implemented in this converter.

Secondly, the control strategy was studied. In order to decide it, it was necessary to
first understand the battery charging characteristics. In this case, the main batteries’
characteristics are: nominal voltage of 700V and capacity of 100kWh. According
to [3], [13], and [15], the usual Li-ion battery charge cycle consists on a constant-
current (CC) region, until it reaches a voltage limit, and then it is followed by a
constant-voltage (CV) region, as it is shown in Figure 3.1.
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Figure 3.1: The battery charging strategy.

Therefore, a current control mode and a voltage control mode had to be imple-
mented. Furthermore, the voltage control mode was implemented through a cascade
mode, so both voltage and current were controlled.

At this point, it was necessary to choose the way the controller was going to be
designed. For that purpose, a model of the converter had to be obtained and, after
checking that it represents the real system, an accurate controller could be obtained.
According to [5], there are several ways of doing it, each one with different accu-
racy. The different techniques mentioned in [5] can be divided as follow: simplified
averaged model, discrete-time model and continuous-time model.

In this thesis, the selected technique is included in the category of simplified averaged
model. By this technique, losses are neglected, leading, on one hand, to a lower
accurate model. But, on the other hand, a simpler model makes easier the design
of the controllers. Moreover, even though the model is less accurate, it is enough
for this purpose, specially because the system does not need a super fast response.
Therefore, the simplified averaged model was chosen because it makes the modelling
easier and at the same time it is accurate enough. Besides, it is the most common
technique in the literature [1][2][4][5][6][7][8].

In the next subsections, the model based on the simplified averaged model is devel-
oped. First, an average model is presented follow by the small signal model.
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3.1 Average model

The average model was based on the lossless converter model [3] shown in figure 2.2.
According to this circuit, the transferred power [1] by the converter is

P = P1 = P2 = n V1 V2 φ · (π − |φ|)
2 π2 fs L

(3.1)

as it was explained in section 2.2. However, for practical reasons, the transformation
D = φ

π
is used. By this, instead of working with intervals from −π

2 to π
2 , the more

practical interval (−1
2 ,

1
2) was used. Therefore, the transferred power is:

P = P1 = P2 = n V1 V2 D (1− |D|)
2 fs L

. (3.2)

From equation 3.2, the DC current that flows in both DC sides of the DC/DC
converter are shown in equations 3.3 and 3.4. This currents correspond to the
average value of i1 and i2 from Figure 2.2. Therefore, it is possible to end up with
the same equations as 3.3 and 3.4 by averaging the DAB input and output port
current [3].

I1 = P1

V1
= n V2 D (1− |D|)

2 fs L
(3.3)

I2 = P2

V2
= n V1 D (1− |D|)

2 fs L
(3.4)

With equations 3.3 and 3.4 and Figure 2.2, the average circuit could be obtained,
as shown in Figure 3.2.

15



3. Digital control of a single module converter

Figure 3.2: Average circuit model of a DAB bidirectional DC/DC converter.

3.2 Small-signal model

Small-signal modeling consists on developing a model that provides information
about how the system reacts to a small perturbation in some variables. Conse-
quently, the average model can be perturbed and linearized around an equilibrium
point to obtain a small-signal model of the converter [3]. Therefore, any variable of
the circuit can be expressed as:

i2 = I2 + î2. (3.5)

Where i2 is the actual value, I2 denotes the equilibrium point value and î2 the small
signal term [7].

Focusing on the DAB bidirectional DC/DC converter, the equations 3.3 and 3.4
were perturbed. It is known that in order to control i2, the perturbation î2 has to
be known. Therefore, the variables that could affect î2 were the phase shift and
input and output voltage, as it is shown in the following equations:

î1 = ∂i1
∂d

∣∣∣∣∣
Eq.P

· d̂+ ∂i1
∂vout

∣∣∣∣∣
Eq.P

· v̂out (3.6)

î2 = ∂i2
∂d

∣∣∣∣∣
Eq.P

· d̂+ ∂i2
∂vin

∣∣∣∣∣
Eq.P

· v̂in. (3.7)

Eq.P means around the equilibrium point.
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According to 3.6 and 3.7, the following constants were defined:

K1 = ∂i1
∂d

∣∣∣∣∣
Eq.P

= (1− 2 |D|) n Vout
2 fs L

(3.8)

K2 = ∂i1
∂vout

∣∣∣∣∣
Eq.P

= D (1− |D|) n
2 · fs L

(3.9)

K3 = ∂i2
∂d

∣∣∣∣∣
Eq.P

= (1− 2 |D|) n Vin
2 fs L

(3.10)

K4 = ∂i2
∂vin

∣∣∣∣∣
Eq.P

= D (1− |D|) n
2 fs L

. (3.11)

Therefore,

î1 = K1 · d̂+K2 · v̂out (3.12)

î2 = K3 · d̂+K4 · v̂in. (3.13)

Now, the small-signal model of the DC/DC converter has been defined. To complete
the small-signal model of the whole circuit, the table 3.1 was followed.

Real device Small-signal equivalent
Resistors and capacitors Same
Independent voltage source Effectively grounded
Independent current source Effectively open circuit
Dependent sources Same
Non linear elements Different (converter)

Table 3.1: Small signal equivalents for modeling the DC/DC converter [14].

All things considered, the small-circuit model is achieved and shown in figure 3.3.
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Figure 3.3: Small-signal circuit model of a DAB bidirectional DC/DC converter.

In this figure Rtotal represents the sum of Rline and Rbattery from figure 2.2.

Assumption

The VSC or the DC/DC converter had to be in charge of keeping the voltage of
the common DC-link constant. Since the converter was already in charge of feeding
the battery, this task was held by the VSC. Therefore, for further investigation, the
voltage across the capacitor C1, the one that comes from the VSC part, was assumed
as constant. Thus, v̂in = 0 and, then, the small-signal model finally was:

î1 = K1 · d̂+K2 · v̂out (3.14)

î2 = K3 · d̂ (3.15)

C2 ·
dvout
dt

= î2 − îout. (3.16)
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Figure 3.4: Simplified small-signal circuit model of a DAB bidirectional DC/DC
converter.

3.3 Simulink Block

The Simulink block developed for this purpose is shown in Figure 3.5.

Figure 3.5: Simulink block for a one module DC/DC converter.

The first block from Figure 3.5 is the pulses generator. This block did not exist
before and it was created in order to provide the appropriate 8 pulses to the 8
MOSFETs of the converter according to the phase shift needed at each time.

The second block, the system block, includes the system from Figure 2.2, where
it has as inputs the pulses and the outputs are the current and voltage from the
battery side.

19



3. Digital control of a single module converter

3.4 Control methods

In this section the different control methods are shown. First, a simple voltage
control is going to be presented. Even though this method was finally improved for
the converter, as it will be explained at the end of this section, it is shown since it
was the one that other authors started with. Besides, it was a way to verify that
this method works. Then, the current control method is shown followed, finally, by
the cascade control.

The three methods had the same structure, which is the one followed in this report:

1. Development of the transfer function desired.

2. Step response. Comparison between real system and transfer function.

3. Close loop control. PI controller development. Analysis of stability. Compar-
ison between formulas, transfer function and real system.

Equilibrium points

Since the system is linearized around an equilibrium point, it had to be defined
previously. That equilibrium point is different depending on the charging process
phase. As it is said in 3, there are mainly two charging steps: constant current mode
and constant voltage control.

In the first step, the current is fixed and controlled. As it was mentioned in section
2.2, there is a direct relationship between the output current and the phase shift.
Besides, keeping current fixed means, at the end, keeping phase shift fixed.

Since in this phase the voltage is still not a problem, the maximum current can be
applied until battery’s voltage reaches its upper limit. Therefore, the next equilib-
rium point was assumed:

1. ibat = iout = 153.82A

2. phase shift = 58.69◦

3. Vinitial battery = 650V

4. Poweroutput converter = 100.87 kW

This mode can last more or less, depending on the initial SOC of the battery and
until the battery is close to a full charge state.

However, when the charging mode was switched to constant voltage mode, the next
equilibrium point was used:

1. ibat = iout = 142.94A
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2. phase shift = 51.48◦

3. Vinitial battery = 700V

4. Poweroutput converter = 100.81 kW

3.4.1 Voltage control

The first control strategy developed is the voltage control. First, the analog devel-
opment is going to be presented. Then, the digital implementation of the previous
system is going to be shown.

3.4.1.1 Analog development

In this section, the transfer function, step response and close loop control for the
voltage control is going to be presented.

3.4.1.1.1 Transfer function

Based on the small signal model from Figure 3.4, the transfer function that relates
voltage with phase shift is:

G = v̂out

d̂
= K3

Rline+Rbattery

1 + s C2 (Rline+Rbattery) . (3.17)

3.4.1.1.2 Step response. Comparison

Before doing any control strategy, the previous transfer function was tested to check
if the linearized model behaves as the real system does.

For that purpose, the Simulink model from Figure 3.6 was developed, obtaining the
results shown in Figure 3.7. A step of 10 % the phase shift in the equilibrium point
was introduced.
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Figure 3.6: Step response for voltage control for a one module DAB bidirectional
DC-DC converter. Simulink program.

Figure 3.7: Step response for voltage control for a one module DAB bidirectional
DC-DC converter.
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As it can be observed, both systems behave similar to each other (deviation lower
than 10 %). At this point it is important to remark that the real system takes into
account the system losses meanwhile the transfer function is based on the lossless
model and the assumption of constant input voltage. Therefore, the similarity was
even better than expected.

Once it is demonstrated that the linearized system was accurate enough, the control
system based on the linearized system is developed.

3.4.1.1.3 Closed loop voltage control. Comparison

The control strategy followed here and onwards was the one shown in Figure 3.8.

Figure 3.8: Voltage control strategy. Simulink model.

Besides, the control strategy is based on a close loop method where the voltage
from the output of the converter is compared with the reference. This difference
is received by a PI controller which generates the appropriate phase shift for the
converter. This loop is implemented with the real system and the transfer function
system.

For the PI tuning, although PI controllers are specially useful for almost every
feedback systems, it is specially effective and simple for systems with just one pole
[2], as this case.

Based on [2], the PI tuning method was the one that follows.

The PI controller has the following structure:

R(s) = K · (1 + ωL ·
1
s

) (3.18)
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Being the system represented by G(s), the following transfer functions were defined:

G(s) = Gu0

(1 + s
w0

) (3.19)

T (s) = R(s) ·G(s). (3.20)

Consequently, the closed loop transfer function can be written as:

sys = T

1 + T
. (3.21)

Then, the proportional constant of the PI controller is chosen to obtain a desired
crossover frequency fc [2]

K = fc
Gu0 · f0

. (3.22)

And, finally, fL is chosen lower enough than fc such that an adequate phase margin
is maintained. At frequencies lower than fL, the PI controller improves the rejection
of disturbances, specifically, in DC.

Therefore, this procedure was followed to design the PI compensator for the voltage
control system, and these were the parameters obtained:

1. K = 0.0069

2. wL = 5236

However, before applying this controller to the system, studying the stability of the
total system was necessary. According to the Phase Margin Theorem, a special case
of the Nyquist stability theorem [2], the system is stable if the phase margin of T
at the crossover frequency is positive. The phase margin is defined as

ϕm = 180◦+ < T (j2πfc). (3.23)

Besides, in this case the bode diagram is:
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Figure 3.9: Bode diagram of T and total system (sys). Case: one module and
voltage control.

As it can be seen, the phase margin ϕm is 94◦, positive, and the system is stable.

Once it was demonstrated that the system was stable, the controller was configured
and the Simulink program from Figure 3.8 was run around the equilibrium point
previously defined in this report.

A small disturbance around the equilibrium point was introduced to observe the
behaviour of both systems, and these were the results obtained:
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Figure 3.10: Voltage control strategy for a one module DAB bidirectional DC-DC
converter. Results.

In Figure 3.10 it is shown, in the first graph, the output voltage of the converter and,
in the second graph, the phase shift. Blue curves are the references from formulas,
red curves the output from the real system and the yellow curves the output from
the transfer function system. As it can be seen, both systems followed perfectly the
voltage reference, with just slight differences in the phase shift, since the real system
had a difference of 2.65 % respect to the reference from formulas and the transfer
function system a difference of -1.58 %. However, this difference were expected and
it behaves as it had to do: on one hand, the real system, since it considers the looses,
it needed a higher phase shift to achieve the same power. On the other hand, the
transfer function is based on the loosless model, as the formulas do, but also it had
the assumption of constant input voltage, and that is why it needed less phase shift
to achieve the same voltage.
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3.4.1.2 Digital control

Once the analog control is accomplished, the digital control is developed. Due to the
fact that any system is usually a continuous-time system, an analog design was de-
veloped first. Then, since usually controllers are developed in discrete-time domain,
the digital control is studied, based on the analog control previously designed.

First, it is important to take into account that the frequency of the digital controller
has to be lower enough than the switching frequency in order the system to be able
to reach the reference before it has changed. Besides, the frequency decided to use,
based on previous experience from literature [1] [18] [19], is 10 % of the switching
frequency.

Therefore, the structure used in the digital control is the one shown in Figure 3.11.

Figure 3.11: Simulink block of the digital voltage control strategy for a one module
DAB bidirectional DC-DC converter.

In this new Simulink model, new blocks were used, such as the zero-order hold and
quantizer. Both blocks were used to discretized the continuous-time signal from
the real system. Also, the zoh was used to hold the values for the pulse generator.
Moreover, the PI controller in this case is tuned in the z-domain for the digital
control (PI(z)).

It is important to be aware of not incurring in the aliasing effect. However, for this
purpose where the converter works in DC, it is not an important problem.

For tuning the PI controller, first the model of the system in the z-domain was
developed. For that purpose, several discretizing methods were studied. Among
them, the one chosen was the zero-order hold which provides exact discretization in
the time domain for staircase inputs [18]. Besides, for a first order transfer function
in the s-domain, the type of transfer function from formula 3.24 were obtained.

G(z) = Gz0

z − q
(3.24)
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Where Gz0 and q are constants.

The step-response procedure was realized to check if both transfer functions behaves
the same way. As it can be seen in Figure 3.12, they behave exactly the same way.

Figure 3.12: Results from the step response for voltage control for a one module
DAB bidirectional DC-DC converter. Comparison between G(s) and G(z).

In order to control the system as it was done in the analog mode, a PI(z) controller
was developed. This PI controller has the structure from formula 3.25.

R(z) = Vp + Vi
1

z − 1 (3.25)

Based on literature [18], the procedure followed for tuning the PI(z) parameters are
shown in formulas 3.26 and 3.27.

Vp = K (3.26)

Vi = K (wL Tsample const− 1) (3.27)

Where const is a constant to adjust the integrator to make it faster or slower.
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Therefore, for the voltage control, the parameters were:

1. Vp = 0.0069

2. Vi = 57.889

Thus, the PI(Z) is:

R(z) = 0.0069 + 57.889 1
z − 1 (3.28)

All in all, with the structure from Figure 3.11 and the PI(z) controller, the system
was tested. For that purpose, a small step disturbance was introduced to observe
the systems behaviour. Moreover, it was compared with some other structures, as
it is going to be explained. The results are shown in Figure 3.13.

Figure 3.13: Results of the digital voltage control strategy for a one module DAB
bidirectional DC-DC converter.
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First graph is the output voltage and second one is the phase shift. The curves are,
in order according to the legend: 1. Output converter reference. 2. Output from
a real system model controlled with a PI(z). 3. Output from a continuous-time
transfer function model controlled with a PI(z). 4. Output from a discrete-dime
transfer function model controlled with a PI(z). 5. Output from a continuous-time
transfer function model controlled with a PI(s). 6. Output from a real system model
controlled with a PI(s).

As it can be seen in Figure 3.13, it is totally coherent. On one hand, all the models
controlled with a discrete PI(z), reaches the new steady state at the same time. Same
happens with the continuous-time PI(s), but with different setting time, related to
the controller used. On the other hand, those based on the real system, reach
the same phase shift and higher (deviation of 2.65 %) than the one expected from
formulas, as explained before. Also, those based on a transfer function system,
reach the same phase shift and lower (deviation of -1.58 %) than the expected from
formulas, also explained before.

All things considered, the digital voltage control has been presented in the section.

3.4.2 Current control

The second control strategy developed was the current control strategy, correspond-
ing to the first step in the charging strategy: constant current mode.

First, the analog development is presented. Then, the digital implementation of the
previous system is shown.

3.4.2.1 Analog development

In this section, the transfer function, step response and close loop control for the
current control is presented.

3.4.2.1.1 Transfer function

Based on the small signal model from Figure 3.4, the transfer function that relates
current with phase shift was:

G = îout

d̂
= îbat

d̂
= K3 · 1

1 + s · C2 · (Rline+Rbattery) . (3.29)
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3.4.2.1.2 Step response.

Here again, the previous transfer function was tested to check if the linearized model
behaves as the real system does.

For that purpose, the Simulink model from Figure 3.14 was developed, obtaining
the results shown in Figure 3.15. A step of 10 % the phase shift in the equilibrium
point was introduced.

Figure 3.14: Simulink program of the step response for current control for a one
module DAB bidirectional DC-DC converter.

Figure 3.15: Results of the step response for current control for a one module
DAB bidirectional DC-DC converter.

31



3. Digital control of a single module converter

Here again, it can be seen that the transfer function system is accurate enough
(deviation lower than 13 %), even more if the fact that the real system takes into
account the system losses is considered.

3.4.2.1.3 Closed loop current control. Comparison

The control strategy followed was again the one shown in Figure 3.16

Figure 3.16: Simulink model of the current control strategy.

The steps and theory behind how the PI controller was defined are the same as
explained in section 3.4.1.

Therefore, the PI parameters obtained are:

1. K = 0.0013

2. wL = 872.66

Besides, the PI controller is:

R(s) = 0.0013 · (1 + 872.66 · 1
s

) (3.30)

According to the Phase Margin Theorem, previously discussed to study the stability
of the system, and based on equation 3.23 and Figure 3.17, it can be guaranteed
that the system was stable since ϕm is 98◦, positive.
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Figure 3.17: Bode diagram of T and total system (sys). Case: one module and
current control.

Once it was demonstrated that the system was stable, the controller was configured
and the Simulink program from Figure 3.16 was run around the equilibrium point
previously defined in this report.

A small disturbance around the equilibrium point was introduced to observe the
behaviour of both systems, and this were the results obtained:
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Figure 3.18: Results of the current control strategy for a one module DAB bidi-
rectional DC-DC converter.

In Figure 3.18 it is shown, in the first graph, the output current and, in the second
graph, the phase shift. Blue curves are the references from formulas, red curves
the output from the real system and the yellow curves the output from the transfer
function system. As it can be seen, both systems followed perfectly the current
reference, with just slight differences in the phase shift, since the real system had a
difference of 2.98 % respect to the reference from formulas and the transfer function
system a difference of -0.98 %. However, this differences were expected and it
behaved as it had to do: on one hand, the real system, since it considers the looses,
it needed a higher phase shift to achieve the same power. On the other hand, the
transfer function is based on the lossless model, as the formulas do, but also it had
the assumption of constant input voltage, and that is why it needed less phase shift
to achieve the same current.
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3.4.2.2 Digital control

Here again, once the analog control is accomplished, it is time to focus on the digital
control. The same procedure as the one shown in section 3.4.1.2 is followed.

Thus, the structure followed is the one shown in Figure 3.19.

Figure 3.19: Simulink block of the digital current control strategy for a one module
DAB bidirectional DC-DC converter.

First, the transfer function G(z) was obtained from the one discussed in section
3.4.2.1.1. To guarantee that it behaves as the continuous-time transfer function, the
step-response was studied and shown in Figure 3.20.

Figure 3.20: Results of the step response for current control for a one module
DAB bidirectional DC-DC converter. Comparison between G(s) and G(z).
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Following the formulas 3.26 and 3.27, the parameters of the PI(z) used this time
were:

1. Vp = 0.0013

2. Vi = 1.61

Thus, the PI(z) is:

R(z) = 0.0013 + 1.61 1
z − 1 (3.31)

All in all, with the structure from Figure 3.19 and the PI(z) controller, the system
was tested. For that purpose, a small step disturbance was introduced to observe
the systems behaviour. Moreover, it was compared with some other structures, as
it is going to be explained. The results are shown in Figure 3.21.

Figure 3.21: Digital current control strategy for a one module DAB bidirectional
DC-DC converter. Results.
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First graph is the output current and second one is the phase shift. Curves in
order, according to the legend: 1. Output converter reference. 2. Output from
a real system model controlled with a PI(z). 3. Output from a continuous-time
transfer function model controlled with a PI(z). 4. Output from a discrete-dime
transfer function model controlled with a PI(z). 5. Output from a continuous-time
transfer function model controlled with a PI(s). 6. Output from a real system model
controlled with a PI(s)

Here again, as it can be seen in Figure 3.21, it is totally coherent. On one hand, all
the models controlled with a discrete PI(z), reaches the new steady state at the same
time. Same happens with the continuous-time PI(s), but with different setting time,
related to the controller used. On the other hand, those based on the real system,
reach the same phase shift and higher (deviation of 2.98 %) than the one expected
from formulas, as explained before. Also, those based on a transfer function system,
reach the same phase shift and lower (deviation of -0.98 %) than the expected from
formulas, also explained before.

3.4.3 Cascade control

The third control strategy developed was the cascade control strategy, corresponding
to the second step in the charging strategy: constant voltage mode.

First, the analog development is presented. Then, the digital implementation of the
previous system is shown.

3.4.3.1 Analog development

When the end of the first step of the charging strategy is triggered, the constant
voltage mode starts. Therefore, the output voltage in controlled. Nevertheless, in
this case is also important to keep the track of the output current. Besides, a cascade
control strategy was implemented. This cascade control is shown in Figure 3.22.

Figure 3.22: Cascade scheme.
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Where the master controller controls the output voltage meanwhile the slave con-
troller is in charge of the output current. It is important to remark that the inner
loop has to be faster than the outer loop in order to be stable the system.

3.4.3.1.1 Transfer function

In this special case, first GV(s) and GI(s) are defined:

GI = îout

d̂
= îbat

d̂
= K3 1

1 + s C2 (Rline+Rbattery) (3.32)

GV = v̂out

îout
= Rline+Rbattery (3.33)

Where GI(s) is the transfer function of the inner loop and GV(s) completes the total
system.

The process this time was slightly different: first, the inner loop had to be tuned
and, after that, it was possible to tun the outer loop.

3.4.3.1.2 Tuning phase

Inner loop

Figure 3.23: Inner loop.

As it can be seen in Figure 3.23, the inner loop is the same system as in section 3.4.2
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and, therefore, the transfer function represents the real system. However, the equi-
librium point here is different since it is in the second phase of the charging strategy.
Besides, a different PI controller was defined. In this case, the PI parameters were:

1. K = 0.0021

2. wL = a = 1570.8

Thus, the PI controller was:

RI(s) = 0.0021 · (1 + 1570.8 · 1
s

) (3.34)

According to the Phase Margin Theorem, previously discussed to study the stability
of the system, and based on equation 3.23 and Figure 3.24, it can be guaranteed
that the system was stable since ϕm is 106◦, positive.

Figure 3.24: Bode diagram of T and total system in the inner loop. Case: one
module and cascade control.

In this case, T and sysinner represents:

T (s) = RI(s) ·GI(s) (3.35)

39



3. Digital control of a single module converter

Consequently, the closed loop transfer function can be written as:

sysinner = T

1 + T
(3.36)

And applying the PI controller to the system from Figure 3.23 it can be seen in
Figure 3.25 that the inner loop was correctly tuned.

Figure 3.25: Results of the cascade control for a one module DAB bidirectional
DC-DC converter. Inner loop design.

Outer loop

Figure 3.26: Outer loop of the cascade control for a one module DAB DC/DC
converter.

The first thing to do is obtaining the transfer function GT(s) in order to design the
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PI controller.

T (s) = RI(s) GI(s) = K3 K s+ a

s+ (Rbat +Rline) C2 s2 (3.37)

sysinner(s) = T

1 + T
=

= K3 K
s+ a

(Rbat +Rline) C2 s2 + (1 +K3 K) s+K3 K a

(3.38)

GT (s) = sysinner Gv =
= (Rbat +Rline) K3 K

s+ a

(Rbat +Rline) C2 s2 + (1 +K3 K) s+K3 K a

(3.39)

Therefore, from equation 3.39, GT(s) is a second order transfer function. Besides,
this makes the PI design more difficult than before. However, some simplifications
could be done:

1. On one hand, the coefficient (1 + K3 · K) is fixed by the equilibrium point.
Therefore, it could not be said in advance how big it was going to be. Never-
theless, it could be delimited. First, K3 ·K was going to be always positive.
Secondly, in worst case (D = 0.5 and K3 = 0), (1 + K3 ·K) = 1. In conse-
quence, (1 +K3 ·K) was always >= 1.

2. On the other hand, the coefficient (Rbat + Rline) · C2 is fixed by design. As it
was explained, this values were really low and positive, so 0 < (Rbat+Rline)·C2
<< 1.

Finally,

(Rbat +Rline) C2 << (1 +K3 K) (3.40)

And then,

GTsimplified(s) = (Rbat +Rline) K3 K s+ a

(1 +K3 K) s+K3 K a
(3.41)

Which is a first order system and the PI controller was easier to design.
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Besides, it is important to remark that the simplified GT(s) is still causative since
both numerator and denominator’s order are the same.

However, it was necessary to check if both systems, GT and GTsimplified, behaved
the same way. First, from Figure 3.27, it could be seen that both systems had the
same dominant pole.

Figure 3.27: Rote locus of GT, the first one, and GTsimplified, the second one.

Moreover, it can be seen in Figure 3.28, that both systems reacted the same way
with a step entrance.
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Figure 3.28: Step response of GT and GTsimplified.

In conclusion, GTsimplified accurately represents GT.
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Once it was demonstrated that GTsimplified could be used, designing the PI controller
was easier since the same procedure as before was used. These were the parameters
obtained for it:

1. K = 0.4071

2. wL = 265.52

Besides, the PI controller was:

RI(s) = 0.4071 (1 + 265.52 1
s

) (3.42)

According to the Phase Margin Theorem, previously discussed to study the stability
of the system, and based on equation 3.23 and Figure 3.29, it can be guaranteed
that the system was stable since ϕm is 103◦, positive.

Figure 3.29: Bode diagram of T and total system in the outer loop. Case: one
module and cascade control.

Once all the PI controllers were tuned, the transfer function system was tested.
However, its behaviour is going to be shown together with the real system in the
next section.
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3.4.3.1.3 Closed loop cascade control. Comparison

The systems were tested in Simulink, as it is shown in Figure 3.30.

Figure 3.30: Simulink block for a one module DAB DC-DC converter of the cascade
control.

Obviously, here the real transfer function GT was used.

This time, all the PI controllers and its stability was studied in the previous section.
Consequently, the Simulink program from Figure 3.30 was run around the equilib-
rium point from the second phase of the charging strategy. This time, both current
and voltage were controlled.

A small disturbance around the equilibrium point was introduced to observe the
behaviour of both systems, obtaining the next results:
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Figure 3.31: Simulink results of the cascade control for a one module DAB DC-
DC converter. First graph is the output voltage, second one the current output and
third one the phase shifts. Blue curves are the references, red curves the output
from the real system and yellow ones the output from the transfer function system.

In Figure 3.31, it can be seen that both systems followed perfectly the voltage
and current references, with just slight differences in the phase shift, since the real
system had a difference of 2.65 % respect to the reference from formulas and the
transfer function system a difference of -1.58 %. However, again, this differences
were expected and it behaved as it had to do: on one hand, the real system, since it
considers the looses, it needed a higher phase shift to achieve the same power. On
the other hand, the transfer function is based on the loosless model, as the formulas
do, but also it had the assumption of constant input voltage, and that is why it
needed less phase shift to achieve the same current.
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3.4.3.2 Digital control

Once again, after developing the analog control, it is time to focus on the digital
control. Similar procedure as the one shown in section 3.4.1.2 is followed.

First, the structure used this time is the one shown in Figure 3.32.

Figure 3.32: Simulink block of the digital cascade control strategy for a one module
DAB bidirectional DC-DC converter.

As it was explained in the previous section, first, the inner loop is tuned and then
the outer loop is studied and its PI(z) tuned. Finally, the whole system is analyzed.

Inner loop

The structure of the inner loop is shown in Figure 3.33.

Figure 3.33: Inner loop in the discrete mode.

Where GI(z) is the discrete-time transfer function obtained from GI(s) from formula
3.32.

The step response is not needed in this case since it is the same transfer function
as in section 3.4.2.2. However, the equilibrium point is different since the aim is the
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constant voltage mode. Besides, the PI(z) controller for the inner loop, based on
formulas 3.26 and 3.27, is this time:

1. Vp = 0.0021

2. Vi = 4.5572

Thus, the PI(z) is:

R(z) = 0.0021 + 4.5572 1
z − 1 (3.43)

Besides, the output from Figure 3.33 is shown in Figure 3.34.

Figure 3.34: Discrete mode. Cascade control for a one module DAB bidirectional
DC-DC converter. Inner loop design. Results.

Where it can be seen that the output current follows perfectly the reference.

Outer loop

The structure of the outer loop is shown in Figure 3.35.
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Figure 3.35: Outer loop. Discrete mode.

Where GT(z) is the discrete-time transfer function obtained from GT(s) from for-
mula 3.39.

The step response cannot be implemented since there is no reference from the real
system of GT because it includes not only the transfer function from the system but
also the PI controller from the inner loop and the inner loop itself.

Therefore, going straight forward to the PI(z) design, based on formulas 3.26 and
3.27, the PI(z) controller is:

1. Vp = 0.4071

2. Vi = 3458.5

Thus, the PI(z) is:

R(z) = 0.4071 + 3458.5 1
z − 1 . (3.44)

Besides, the output from Figure 3.35 is shown in Figure 3.36.
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Figure 3.36: Results of the discrete mode. Cascade control for a one module DAB
bidirectional DC-DC converter. Outer loop design.

Where it can be seen that the output voltage follows perfectly the reference.

Total system

Finally, the whole system was studied.

All in all, considering the structure from Figure 3.32 and the PI(z) controllers from
3.43 and 3.44, the system was tested. For that purpose, a small step disturbance
was introduced to observe the systems behaviour. Moreover, again, it was compared
with some other structures, as it is going to be explained. The results are shown in
Figure 3.37.
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Figure 3.37: Results of the digital cascade control strategy for a one module DAB
bidirectional DC-DC converter. First graph is the output voltage, second one is
the output current and the third one the phase shift. Curves in order, according
to the legend: 1. Output converter reference. 2. Output from a real system model
controlled with a PI(z). 3. Output from a continuous-time transfer function model
controlled with a PI(z). 4. Output from a discrete-dime transfer function model
controlled with a PI(z). 5. Output from a continuous-time transfer function model
controlled with a PI(s). 6. Output from a real system model controlled with a PI(s).

Once again, as it can be seen in Figure 3.37, it is totally coherence. On one hand, all
the models controlled with a discrete PI(z), reaches the new steady state at the same
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time. Same happens with the continuous-time PI(s), but with different setting time,
related to the controller used. On the other hand, those based on the real system,
reach the same phase shift and higher (deviation of 2.65 %) than the one expected
from formulas, as explained before. Also, those based on a transfer function system,
reach the same phase shift and lower (deviation of -1.58 %) than the expected from
formulas, also explained before.
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connected DC/DC modules

Once it was demonstrated that controlling a one-module converter was possible, the
300 kW DC/DC converter was developed. With three modules parallel connected in
the output, it was supposed to be possible to obtain 300 kW in the output. However,
there were some doubts regarding if that was possible, as it will be discuss later on.

The first decision made was how the input port of the converters should be con-
nected. Several configurations were studied, as it is shown in figures 4.1, 4.2 and
4.3.

Figure 4.1: Parallel strategy I: isolated inputs.
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Figure 4.2: Parallel strategy II: ISOP configuration.

Figure 4.3: Parallel strategy III: IPOP configuration.
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The first one, each one with their own isolated input, was discarded. It was the
most expensive solution, since three different VSC and DC-links were needed and
the power density was lower.

The second one, the input-series output-parallel configuration (ISOP) was consid-
ered [16]. The power density was higher than the first option and cheaper. However,
in this case, the output voltage from the VSC was necessary higher than in any of
the other solutions. This solution was still more expensive than the last one, since
three capacitors were needed in the input ports.

Finally, the input-parallel output-parallel (IPOP) configuration was studied. This
topology was the one chosen for several reasons. First, the interleaving technique
allowed to reduce the size and the losses of the input and output filters. Also, just one
filter is needed. Moreover, it has a better dynamic performance and higher power
density [9]. Finally, it was the cheapest solution since it needs less components.
Therefore, it was the best option.

Figure 4.4: IPOP configuration of the 300 kW DC/DC converter.
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For the Simulink model, the structure from Figure 4.4 was used in this case. There,
it can be seen that the input is the phase shift which, trough the pulse generators,
produce the pulses for the system. Then, inside the block ’system’, the configuration
from figure 4.4 is implemented, obtaining as outputs the followings: battery voltage,
converter output voltage, converter current 1, converter current 2, converter current
3, total battery current and converter output power.

4.1 Parallel connection and control strategy

As it was said, there were some questions regarding the reliability of connecting in
parallel several DC/DC modules. Were all of them going to provide the same power?
Does it appear any recirculating current through the converters that does not go to
the battery but to other converters? Specifically, there were some doubts on how
any mismatches in the converter parameters, such as phase shift or inductance and
transformer impedances, could affect to the operation of the whole converter.

For this purpose, the analysis from reference [9] is totally clarifier. In [9], two
converter in IPOP configuration was studied and the common-phase-shift strategy
was implemented. By this strategy, both converters received the same phase shift,
according to the expected total current needed.

In [9], a steady state and dynamic analysis was realized to evaluate how mismatches
in different modules parameters could affect the output current. In the steady-state
analysis, it was shown that the variations in the output currents could be obtained
as 4.1 shows:

∆Itot
Itot

= I1a − I1b

I1a + I1b
= 1− 2D

2(1−D) ·
∆D
D
− 1

2 ·
∆L
L

= 1− 2D
2(1−D) · α−

1
2 · β. (4.1)

Where I1a and I1b are the input currents of both DC/DC converters. Therefore, 4.1
shows the mismatches between converters’ currents as function of mismatches in the
phase shift and in the inductance, including there the transformer parameters. This
formula is represented in Figure 4.5.
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Figure 4.5: ∆Itot
Itot

as a function of α and β. The one with the lowest starting point
corresponds to α = -0.1. Then the others are, in order: -0.02, 0, 0.02 and 0.1.

As a consequence of that, considering mismatches at the same time in both phase
shift and inductance parameters and both as big as 10%, the ∆Itot

Itot
was, in worst

case, lower than 0.08 which means that I1a − I1b is, in worst case, lower than 8%
from total current. However, it is important to remark that with the advance of
modern manufacturing techniques, both mismatches can be practically neglected.
So, therefore, the steady state analysis showed that mismatches in phase shift, leak-
age inductances or in transformer turn ratios have slight effect on the sharing of
input currents [9].

In respect of dynamic analysis, reference [9] showed that mismatches in phase shift,
leakage inductances or in transformer turn ratios slightly affects the dynamic shar-
ing of input currents. But again, this mismatches are almost neglected with new
manufacturing techniques.

Finally, some experiments were held in [9], which showed that common-phase-shift
control guarantees that the IPOP converter achieves a totally acceptable perfor-
mance of current sharing even if there are mismatches of 10% in different converter
parameters.
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In conclusion, as it was shown in [9] and endorsed by [10], [11] and [12], common-
phase-shift control is absolutely acceptable for IPOP converters if maximum mis-
matches in parameters of 10% is ensured, which is, in practice, guaranteed. However,
if more general methods were required, references [10] [11] [12] show also more gen-
eral control techniques. Nevertheless, those are not considered for this purpose since
mismatches lower that 10% are guaranteed.

In addition, to demonstrate that there is no recirculating current between converters,
a simulation with the total system from Figure 4.4 was held. In this experiment,
the following mismatches were introduced:

Converter Inductance Phase shift
Converter 1 Le phi
Converter 2 Le*1.06 phi*1.06
Converter 3 Le*0.96 phi*0.96

Table 4.1: Mismatches introduced in the different modules.

Obtaining the following results:

Converter Current from real system Current expected from formula
Converter 1 141 142.9
Converter 2 136.1 139.5
Converter 3 146.7 145.2

Table 4.2: Results obtained from mismatches introduced in the different modules.

Where it can be observed that the results are coherent. On one hand, the higher
the impedance is, the lower current is obtained. On the other hand, since the real
system takes into account all the losses, the higher the inductance is the higher is
the difference with respect to the expected value from formulas. Also, when the
inductance is lower than Le, the current obtained is higher than the expected from
formulas. Finally, the current that feeds the battery is the sum of the three of them
in steady state.

4.2 Average model

Once it was demonstrated that the parallel connection was possible, the same process
as before was followed, with a one module converter, to be able to develop the digital
control of the total converter. For that purpose, first it is necessary to obtain a model
of the system. Therefore, the first step is obtaining the average model of the total
converter.
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The average model was based on the lossless converter model [3] shown in figure 4.4.
Each module provides the following power:

Pi = Pi1 = Pi2 = n V1 V2 D (1− |D|)
2 fs Li

. (4.2)

Where the sub-index i represents each converter: i = 1, 2, 3.

As it was explained in section 3.1, the DC current that flows in both sides of each
module are shown in formulas 4.3 and 4.4.

Ii1 = Pi1
V1

= n V2 D (1− |D|)
2 fs Li

(4.3)

Ii2 = Pi2
V2

= n V1 D (1− |D|)
2 fs Li

. (4.4)

With equations 4.3 and 4.4 and Figure 4.4, the average circuit could be obtained,
as shown in Figure 4.6.

Figure 4.6: Average circuit model of a 3 modules DAB bidirectional DC/DC
converter.

4.3 Small-signal model

According to the previous experience from section 3.2, it is only necessary to develop
the equivalent DAB output port from Figure 3.4. Considering again that the voltage
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in the input side is constant (v̂in = 0), the expected small-signal model of the 3
modules DC/DC converter is the one shown in Figure 4.7.

Figure 4.7: Simplified output port of the small-signal circuit model of a 3 modules
DAB bidirectional DC/DC converter.

Where the constants K13, K23 and K33 are:

K13 = ∂i12

∂d

∣∣∣∣∣
Eq.P

= (1− 2 |D|) n Vin
2 fs L1

(4.5)

K23 = ∂i22

∂d

∣∣∣∣∣
Eq.P

= (1− 2 |D|) n Vin
2 fs L2

(4.6)

K33 = ∂i32

∂d

∣∣∣∣∣
Eq.P

= (1− 2 |D|) n Vin
2 fs L3

(4.7)

4.4 Simulink Block

For the Simulink model, the structure from Figure 4.8 was used in this case. There,
it can be seen that the input is the phase shift which, trough the pulse generators,
produce the pulses for the system. Then, inside the block "system", the configuration
from figure 4.4 is implemented, obtaining as outputs the followings: battery voltage,
converter output voltage, converter current 1, converter current 2, converter current
3, total battery current and converter output power.
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Figure 4.8: Simulink block for the 3 modules DAB DC/DC converter.
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4.5 Control methods

In this section the different control methods are presented. First a simple voltage
control is developed. Then, the current control method is shown followed, finally,
by the cascade control.

The three methods had the same structure, which is the one followed in this report:

1. Development of the transfer function desired.

2. Step response and comparison between real system and transfer function.

3. Closed loop control, PI controller development, analysis of stability and Com-
parison between formulas, transfer function and real system.

Equilibrium points

In this case, the equilibrium points are different from before.

For the first phase, in the constant current mode, the current is fixed. Since in this
phase the voltage is still not a problem, the maximum current can be applied until
battery’s voltage reaches its upper limit. Therefore, the next equilibrium point was
assumed:

1. ibat = iout = 461.47A

2. phase shift = 58.69◦

3. Vinitial battery = 650V

4. Poweroutput converter = 307.84 kW

This mode can last more or less, depending on the initial SOC of the battery and
how far is its voltage away from its nominal value.

However, when the charging mode was switched to constant voltage mode, the next
equilibrium point was used:

1. ibat = iout = 428.82A

2. phase shift = 51.48◦

3. Vinitial battery = 700V

4. Poweroutput converter = 307.27 kW
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4.5.1 Voltage control

The first control strategy developed is the voltage control. First, the analog devel-
opment is presented. Then, the digital implementation of the previous system is
shown.

4.5.1.1 Analog development

In this section, the transfer function, step response and close loop control for the
voltage control is presented.

4.5.1.1.1 Transfer function

Based on the small signal model from Figure 4.7, the transfer function that relates
voltage with phase shift is:

G = v̂out

d̂
= (K13 +K23 +K33) Rline+Rbattery

1 + s C2 (Rline+Rbattery) . (4.8)

4.5.1.1.2 Step response and comparison

Before doing any control strategy, the previous transfer function is tested to check
if the linearized model behaves as the real system does.

For that purpose, the Simulink model from Figure 4.9 was developed, obtaining the
results shown in Figure 4.10.
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Figure 4.9: Simulink program of the step response for voltage control for a 3
modules DAB bidirectional DC-DC converter.
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Figure 4.10: Results of the step response for voltage control for a 3 modules DAB
bidirectional DC-DC converter.

As it can be observed, both systems behave similar to each other (deviation lower
than 10 %). At this point it is important to remember that the real system takes into
account the system losses meanwhile the transfer function is based on the lossless
model and the assumption of constant voltage in the input. Therefore, the similarity
was even better than expected.

Once it was demonstrated that the linearized system was accurate enough, the
control system based on the linearized system was developed.

4.5.1.1.3 Closed loop voltage control and comparison

The control strategy followed here is the one used before and shown in Figure 4.11.
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Figure 4.11: Simulink model of the voltage control strategy for a 3 modules con-
verter.

The steps and theory behind how the PI controller was defined are the same as
explained in section 3.4.1.

Therefore, the PI parameters obtained are:

1. K = 0.000687

2. wL = 15780

Besides, the PI controller is:
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R(s) = 0.000687 · (1 + 15780 · 1
s

) (4.9)

According to the Phase Margin Theorem, previously discussed to study the stability
of the system, and based on equation 3.23 and Figure 4.12, it can be guaranteed
that the system was stable since ϕm is 82◦, positive.

Figure 4.12: Bode diagram of T and total system (sys). Case: 3 modules and
current control.

Once it was demonstrated that the system was stable, the controller was configured
and the Simulink program from Figure 4.13 was run around the equilibrium point
previously defined in this report.

A small disturbance around the equilibrium point was introduced to observe the
behaviour of both systems, and this were the results obtained:
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Figure 4.13: Results of the voltage control strategy for a 3 modules DAB bidirec-
tional DC-DC converter.

In Figure 4.13 it is shown, in the first graph, the output voltage and, in the second
graph, the phase shift. Blue curves are the references from formulas, red curves
the output from the real system and the yellow curves the output from the transfer
function system. As it can be seen, both systems followed perfectly the voltage
reference, with just slight differences in the phase shift, since the real system has a
difference of 1.68% respect to the reference from formulas and the transfer function
system a difference of -0.17%. However, again, this differences were expected and it
behaves as it has to do: on one hand, the real system, since it considers the looses,
it needed a higher phase shift to achieve the same voltage. On the other hand, the
transfer function is based on the loosless model, as the formulas do, but also it had
the assumption of constant input voltage, and that is why it needed less phase shift
to achieve the same voltage.
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4.5.1.2 Digital control

Once the analog control is accomplished, the digital control is developed. The same
procedure as the one shown in section 3.4.1.2 is followed.

Thus, the structure followed is the one shown in Figure 4.14.

Figure 4.14: Simulink block of the digital voltage control strategy for a 3 modules
DAB bidirectional DC-DC converter.

First, the transfer function G(z) was obtained from the one discussed in section
4.5.1.1.1. To guarantee that it behaves as the continuous-time transfer function, the
step-response was studied and shown in Figure 4.15.

69



4. Digital control of a three parallel connected DC/DC modules

Figure 4.15: Results of the step response for voltage control for a 3 modules DAB
bidirectional DC-DC converter. Comparison between G(s) and G(z).

Following the formulas 3.26 and 3.27, the parameters of the PI(z) used this time
were:

1. Vp = 0.000687

2. Vi = 21.59

Thus, the PI(z) is:

R(z) = 0.000687 + 21.59 1
z − 1 (4.10)

All in all, with the structure from Figure 4.14 and the PI(z) controller, the system
was tested. For that purpose, a small step disturbance was introduced to observe
the systems behaviour. Moreover, it was compared with some other structures, as
it is going to be explained. The results are shown in Figure 4.16.
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Figure 4.16: Results of the digital voltage control strategy for a 3 modules DAB
bidirectional DC-DC converter. First graph is the output voltage and second one
the phase shift. Curves, in order, according to the legend: 1. Output converter
reference. 2. Output from a real system model controlled with a PI(z). 3. Output
from a continuous-time transfer function model controlled with a PI(z). 4. Output
from a discrete-dime transfer function model controlled with a PI(z). 5. Output
from a continuous-time transfer function model controlled with a PI(s). 6. Output
from a real system model controlled with a PI(s).

As it can be seen in Figure 4.16, it is totally coherent. On one hand, all the models
controlled with a discrete PI(z), reaches the new steady state at one time. Same
happens with the continuous-time PI(s), but with different setting time, related
to the controller used. On the other hand, those based on the real system, reach
the same phase shift and higher (deviation of 1.68 %) than the one expected from
formulas, as explained before. Also, those based on a transfer function system,
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reach the same phase shift and lower (deviation of -0.17 %) than the expected from
formulas, also explained before.

4.5.2 Current control

The next control strategy developed is the current control. First, the analog de-
velopment is presented. Then, the digital implementation of the previous system is
shown.

4.5.2.1 Analog development

In this section, the transfer function, step response and close loop control for the
current control is presented.

4.5.2.1.1 Transfer function

Based on the small signal model from Figure 4.7, the transfer function that relates
voltage with phase shift is:

G = îout

d̂
= (K13 +K23 +K33) 1

1 + s C2 (Rline+Rbattery) . (4.11)

4.5.2.1.2 Step response and comparison

Before doing any control strategy, the previous transfer function is tested to check
if the linearized model behaves as the real system does.

For that purpose, the Simulink model from Figure 4.17 was developed, obtaining
the results shown in Figure 4.18.
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Figure 4.17: Simulink program for the step response for current control for a 3
modules DAB bidirectional DC-DC converter.
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Figure 4.18: Results for the step response for current control for a 3 modules DAB
bidirectional DC-DC converter.

As it can be observed, both systems behave similar to each other (deviation of 8.7
%). At this point it is important to remember that the real system takes into account
the system losses meanwhile the transfer function is based on the lossless model and
the assumption of constant voltage in the input. Therefore, the similarity was even
better than expected.

Once it was demonstrated that the linearized system was accurate enough, it was
time to develop the control system based on the linearized system.

4.5.2.1.3 Closed loop current control and comparison

The control strategy followed is the one used before and shown in Figure 4.19.
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Figure 4.19: Simulink model for the current control strategy for a 3 modules
converter.

The steps and theory behind how the PI controller was defined are the same as
explained in section 3.4.1.

Therefore, the PI parameters obtained are:

1. K = 0.0005278

2. wL = 1047.2

Besides, the PI controller is:
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R(s) = 0.0005278 · (1 + 1047.2 · 1
s

) (4.12)

According to the Phase Margin Theorem, previously discussed to study the stability
of the system, and based on equation 3.23 and Figure 4.20, it can be guaranteed
that the system was stable since ϕm is 104◦, positive.

Figure 4.20: Bode diagram of T and total system (sys) for the case of 3 modules
and current control.

Once it was demonstrated that the system was stable, the controller was configured
and the Simulink program from Figure 4.21 was run around the equilibrium point
previously defined in this report.

A small disturbance around the equilibrium point was introduced to observe the
behaviour of both systems, and this were the results obtained:
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Figure 4.21: Results of the current control strategy for a 3 modules DAB bidirec-
tional DC-DC converter.

In Figure 4.21 it is shown, in the first graph, the output current and, in the second
graph, the phase shift. Blue curves are the references from formulas, red curves
the output from the real system and the yellow curves the output from the transfer
function system. As it can be seen, both systems followed perfectly the current
reference, with just slight differences in the phase shift, since the real system has a
difference of 2.54% respect to the reference from formulas and the transfer function
system a difference of -0.98%. However, again, this differences were expected and it
behaves as it has to do: on one hand, the real system, since it considers the looses,
it needed a higher phase shift to achieve the same voltage. On the other hand, the
transfer function is based on the loosless model, as the formulas do, but also it had
the assumption of constant input voltage, and that is why it needed less phase shift
to achieve the same voltage.
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4.5.2.2 Digital control

Once the analog control is accomplished, the digital control is developed. The same
procedure as the one shown in section 3.4.1.2 is followed.

Thus, the structure followed is the one shown in Figure 4.22.

Figure 4.22: Simulink block of the digital current control strategy for a 3 modules
DAB bidirectional DC-DC converter.

First, the transfer function G(z) was obtained from the one discussed in section
4.5.2.1.1. To guarantee that it behaves as the continuous-time transfer function, the
step-response was studied and shown in Figure 4.23.
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Figure 4.23: Results of the step response for current control for a 3 modules DAB
bidirectional DC-DC converter. Comparison between G(s) and G(z).

Following the formulas 3.26 and 3.27, the parameters of the PI(z) used this time
were:

1. Vp = 0.0005278

2. Vi = 0.7732

Thus, the PI(z) is:

R(z) = 0.0005278 + 0.7732 1
z − 1 (4.13)

With the structure from Figure 4.22 and the PI(z) controller, the system was tested.
For that purpose, a small step disturbance was introduced to observe the systems
behaviour. Moreover, it was compared with some other structures, as it is going to
be explained. The results are shown in Figure 4.24.
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Figure 4.24: Results of the digital current control strategy for a 3 modules DAB
bidirectional DC-DC converter. First graph is the output current and second one
the phase shift.

In Figure 4.16 the curves are, in order, according to the legend: 1. Output converter
reference. 2. Output from a real system model controlled with a PI(z). 3. Output
from a continuous-time transfer function model controlled with a PI(z). 4. Output
from a discrete-dime transfer function model controlled with a PI(z). 5. Output
from a continuous-time transfer function model controlled with a PI(s). 6. Output
from a real system model controlled with a PI(s).

As it can be seen in Figure 4.16, it is totally coherent. On one hand, all the models
controlled with a discrete PI(z), reaches the new steady state at one time. Same
happens with the continuous-time PI(s), but with different setting time, related
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to the controller used. On the other hand, those based on the real system, reach
the same phase shift and higher (deviation of 2.54 %) than the one expected from
formulas, as explained before. Also, those based on a transfer function system,
reach the same phase shift and lower (deviation of -0.98 %) than the expected from
formulas, also explained before.

4.5.3 Cascade control

Finally, the third control strategy developed was the cascade control strategy, cor-
responding to constant voltage mode.

First, the analog development is presented. Then, the digital implementation of the
previous system is shown.

4.5.3.1 Analog development

In this section, the transfer function, tuning phase and close loop control for the
current control is presented.

This control system is based on the one shown previously in Figure 3.22, where the
master controller controls the output voltage meanwhile the slave controller is in
charge of the output current.

4.5.3.1.1 Transfer function

In this special case, first GV(s) and GI(s) are defined:

GI = îout

d̂
= îbat

d̂
= (K13 +K23 +K33) 1

1 + s C2 (Rline+Rbattery) (4.14)

GV = v̂out

îout
= Rline+Rbattery (4.15)

Where GI(s) is the transfer function of the inner loop and GV(s) completes the total
system.

The process here is slightly different from before: first, the inner loop had to be
tuned and, after that, it was possible to tun the outer loop.
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4.5.3.1.2 Tuning phase

Inner loop

The inner loop has the same structure as shown in Figure 3.23. As it was said in
section 3.4.3.1.2, the inner loop is the same system as in section 4.5.2 and, therefore,
the transfer function represents the real system. However, the equilibrium point
here is different since it is in the second phase of the charging strategy. Besides, a
different PI controller was defined. In this case, the PI parameters were:

1. K = 0.000691

2. wL = a = 1570.8

Thus, the PI controller was:

RI(s) = K(1 + a
1
s

) = 0.000691 · (1 + 1570.8 · 1
s

) (4.16)

According to the Phase Margin Theorem, previously discussed to study the stability
of the system, and based on equation 3.23 and Figure 4.25, it can be guaranteed
that the system was stable since ϕm is 98◦, positive.

Figure 4.25: Bode diagram of T and total system in the inner loop for the case of
3 modules and cascade control.
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Where T and sysinner represents:

T (s) = RI(s) ·GI(s) (4.17)

And, then, the close loop transfer function is:

sysinner = T

1 + T
(4.18)

And applying the PI controller to the system from Figure 3.23 it can be seen in
Figure 4.26 that the inner loop was correctly tuned.

Figure 4.26: Results of the cascade control for a 3 modules DAB bidirectional
DC/DC converter. Inner loop design.

Outer loop

The structure followed here is the same as in Figure 3.26.

This time, according to formulas 3.37, 3.38 and 3.39, the transfer function GT(s) is
the one that follows:
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GT (s) = sysinner Gv =
= (Rbat +Rline) (K13 +K23 +K33) K·

s+ a

(Rbat +Rline) C2 s2 + (1 + (K13 +K23 +K33) K) s+ (K13 +K23 +K33) K a
(4.19)

According to the theory exposed in section 4.1 and the theory development shown
in section 3.4.3.1.2, the simplification from equation 3.40 applies in this case as well.
Therefore,

GTsimplified(s) = (Rbat +Rline) (K13 +K23 +K33) K·
s+ a

(1 + (K13 +K23 +K33) K) s+ (K13 +K23 +K33) K a
.

(4.20)

Which is a first order system and the PI controller was easier to design.

Besides, it is important to remember that the simplified GT(s) is still causative since
both numerator and denominator’s order are the same.

However, it was necessary to check if both systems, GT and GTsimplified, behaved the
same way. The same process was followed as in section 3.4.3.1.2, concluding that
both systems are totally equivalent. Therefore, GTsimplified accurately represents
GT.

Here again, designing the PI controller was easier since the same procedure as before
was used. These were the parameters obtained for it:

1. K = 40.71

2. wL = 398.289

Besides, the PI controller was:

RI(s) = 40.71 (1 + 398.289 1
s

) (4.21)

According to the Phase Margin Theorem, previously discussed to study the stability
of the system, and based on equation 3.23 and Figure 4.27, it can be guaranteed
that the system was stable since ϕm is 106◦, positive.
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Figure 4.27: Bode diagram of T and total system in the outer loop for the case of
one module and cascade control.

Once all the PI controllers were tuned, the transfer function system was tested.
However, its behaviour is going to be shown together with the real system in the
next section.

4.5.3.1.3 Closed loop cascade control and comparison

The systems were tested in Simulink, as it is shown in Figure 4.28.
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Figure 4.28: Simulink block for a 3 modules DAB DC-DC converter of the cascade
control.

Here the real transfer function GT was used.

This time, all the PI controllers and its stability was studied in the previous section.
Consequently, the Simulink program from Figure 4.28 was run around the equilib-
rium point from the second phase of the charging strategy. This time, both current
and voltage were controlled.

A small disturbance around the equilibrium point was introduced to observe the
behaviour of both systems, obtaining the next results:
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Figure 4.29: Simulink results for a 3 modules DAB DC-DC converter of the cascade
control. First graph is the output voltage, second one the current output and third
one the phase shifts. Blue curves are the references, red curves the output from the
real system and yellow ones the output from the transfer function system.

In Figure 4.29, it can be seen that both systems followed perfectly the voltage
and current references, with just slight differences in the phase shift, since the real
system had a difference of 1.7 % respect to the reference from formulas and the
transfer function system a difference of -0.17 %. However, again, this differences
were expected and it behaved as it had to do: on one hand, the real system, since it
considers the looses, it needed a higher phase shift to achieve the same power. On
the other hand, the transfer function is based on the loosless model, as the formulas
do, but also it had the assumption of constant input voltage, and that is why it
needed less phase shift to achieve the same current.
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4.5.3.2 Digital control

After developing the analog control, the digital control is developed. Similar proce-
dure as before is followed.

First, the structure used this time is the one shown in Figure 4.30.

Figure 4.30: Simulink block of the digital cascade control strategy for a 3 modules
DAB bidirectional DC-DC converter.

As it was explained in the previous section, first, the inner loop is tuned and, after it,
the outer loop is studied and its PI(z) tuned. Finally, the whole system is analyzed.

Inner loop

The structure of the inner loop is the same as in Figure 3.33.

The step response is not needed in this case since it is the same transfer function
as in section 4.5.2.2. However, the equilibrium point is different since the aim is the
constant voltage mode. Besides, the PI(z) controller for the inner loop, based on
formulas 3.26 and 3.27, is this time:

1. Vp = 0.000197
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2. Vi = 0.434

Thus, the PI(z) is:

R(z) = 0.000197 + 0.434 1
z − 1 (4.22)

Besides, the output from this inner loop is shown in Figure 4.31.

Figure 4.31: Results of the cascade control in the discrete mode for a 3 modules
DAB bidirectional DC-DC converter. Inner loop design.

Where it can be seen that the output current follows perfectly the reference.

Outer loop

The structure of the outer loop is the same as the one shown in Figure 3.35.

In this case, the GT(z) is the discrete-time transfer function obtained from GT(s)
from formula 4.19.

The step response cannot be implemented since there is no reference from the real
system of GT because it includes not only the transfer function from the system but
also the PI controller from the inner loop and the inner loop itself.

Therefore, going straight forward to the PI(z) design, based on formulas 3.26 and
3.27, the PI(z) controller is:
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1. Vp = 40.71

2. Vi = 12930

Thus, the PI(z) is:

R(z) = 40.71 + 12930 1
z − 1 . (4.23)

Besides, the output from this outer loop is shown in Figure 4.32.

Figure 4.32: Results of the cascade control in the discrete mode for a 3 modules
DAB bidirectional DC-DC converter. Outer loop design.

Where it can be seen that the output voltage follows perfectly the reference.

Total system

Finally, the whole system was studied.

Considering the structure from Figure 4.30 and the PI(z) controllers from 4.22 and
4.23, the system was tested. For that purpose, a small step disturbance was in-
troduced to observe the systems behaviour. Moreover, again, it was compared with
some other structures, as it is going to be explained. The results are shown in Figure
4.33.
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Figure 4.33: Results of the digital cascade control strategy for a 3 modules DAB
bidirectional DC-DC converter.

First graph is the output voltage, second one is the output current and the third
one the phase shift. Curves in order, according to the legend: 1. Output converter
reference. 2. Output from a real system model controlled with a PI(z). 3. Output
from a continuous-time transfer function model controlled with a PI(z). 4. Output
from a discrete-dime transfer function model controlled with a PI(z). 5. Output
from a continuous-time transfer function model controlled with a PI(s). 6. Output
from a real system model controlled with a PI(s).

As it can be seen in Figure 4.33, it is totally coherence. On one hand, all the
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models controlled with a discrete PI(z), reaches the new steady state at the same
time. Same happens with the continuous-time PI(s), related to the controller used.
On the other hand, those based on the real system, reach the same phase shift
and higher (deviation of 1.7 %) than the one expected from formulas, as explained
before. Also, those based on a transfer function system, reach the same phase shift
and lower (deviation of -0.17 %) than the expected from formulas, also explained
before.
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Results

In this chapter, the results from the previous chapter are presented. A digital control
of the converter has been developed in this thesis. Now, the results from that control
system are shown.

First, results from a one module DC/DC converter are presented and, after that,
the results from a 3 modules DC/DC converter are shown.

5.1 Digital control of a one module converter

The first remarkable result is the small signal model of the one module DC/DC
converter, shown in Figure 5.1.

Figure 5.1: Simplified small-signal circuit model of a DAB bidirectional DC/DC
converter.

Based on that circuit, the control system is developed. The control system developed
had two phases: a constant current mode and a constant voltage mode.
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5.1.1 Constant current mode with current control.

The control loop followed is the one shown in Figure 5.2.

Figure 5.2: Simulink block of the digital current control strategy for a one module
DAB bidirectional DC-DC converter.

Based on it, the results obtained for the constant current mode are shown in Figure
5.3. A small disturbance was introduced to observe how the control system behaves.

Figure 5.3: Results of the digital current control strategy for a one module DAB
bidirectional DC-DC converter.
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In Figure 5.3 the first graph is the output current and the second one the phase shift.
The curves are in order, according to the legend: 1. Output converter reference.
2. Output from a real system model controlled with a PI(z). 3. Output from a
continuous-time transfer function model controlled with a PI(z). 4. Output from
a discrete-dime transfer function model controlled with a PI(z). 5. Output from a
continuous-time transfer function model controlled with a PI(s). 6. Output from a
real system model controlled with a PI(s).

As it can be seen in Figure 5.3, the results are totally coherent. On one hand, all
the models controlled with a discrete PI(z), reaches the new steady state at the
same time. Same happens with the continuous-time PI(s), but with different setting
time, related to the controller used. On the other hand, those based on the real
system, reach the same phase shift and higher (deviation of 2.98 %) than the one
expected from formulas. Also, those based on a transfer function system, reach the
same phase shift and lower (deviation of -0.98 %) than the expected from formulas.
However, this difference were expected and it behaves as it had to do: on one hand,
the real system, since it considers the looses, it needed a higher phase shift to achieve
the same power. On the other hand, the transfer function is based on the loosless
model, as the formulas do, but also it had the assumption of constant input voltage,
and that is why it needed less phase shift to achieve the same voltage.

5.1.2 Constant voltage mode with cascade control.

The control loop followed is the one shown in Figure 5.4.

Figure 5.4: Simulink block of the digital cascade control strategy for a one module
DAB bidirectional DC-DC converter.

Based on it, the results obtained for the constant voltage mode are shown in Figure
5.5. A small disturbance was introduced to observe how the control system behaves.
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Figure 5.5: Results of the digital cascade control strategy for a one module DAB
bidirectional DC-DC converter.

In Figure 5.5, first graph is the output voltage, second one is the output current and
the third one the phase shift. The curves are, in order, according to the legend: 1.
Output converter reference. 2. Output from a real system model controlled with a
PI(z). 3. Output from a continuous-time transfer function model controlled with
a PI(z). 4. Output from a discrete-dime transfer function model controlled with a
PI(z). 5. Output from a continuous-time transfer function model controlled with a
PI(s). 6. Output from a real system model controlled with a PI(s).

As it can be seen in Figure 5.5, it is totally coherent. On one hand, all the models
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controlled with a discrete PI(z), reaches the new steady state at the same time. Same
happens with the continuous-time PI(s), but with different setting time, related to
the controller used. On the other hand, those based on the real system, reach
the same phase shift and higher (deviation of 2.65 %) than the one expected from
formulas, as explained before. Also, those based on a transfer function system,
reach the same phase shift and lower (deviation of -1.58 %) than the expected from
formulas, also explained before.

5.2 Digital control of a 3 modules converter

The first important result in the section is the parallel configuration finally chosen,
which is the input-parallel output-parallel (IPOP) configuration, as it can be seen
in Figure 5.6.

Figure 5.6: IPOP configuration of the 300 kW DC/DC converter.
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Among other reasons, it is selected because the interleaving technique allowed to
reduce the size and the losses of the input and output filters. Also, just one filter is
needed. Moreover, it has a better dynamic performance and higher power density
[9]. Finally, it is the cheapest solution since it needs less components.

The next relevant achievement is the control technique used. In this case, it is not
as easy as controlling just one module, since three modules have to be controlled at
the same time. Several strategies were studied, such as using independent control
loops for each one. However, according to [9], using the technique of common
phase shift for the three of them is reliable if maximum mismatches in modules
parameters of 10% is ensured, which is, in practice, guaranteed, due to the advance
of modern manufacturing techniques. Therefore, a common phase shift strategy is
implemented.

Once the parallel configuration was settled and the control technique was decided,
the small signal model of this new system was obtained, as shown in Figure 5.7.

Figure 5.7: Simplified output port of the small-signal circuit model of a 3 modules
DAB bidirectional DC/DC converter.

Based on that circuit, the control system is developed. First, the constant current
mode is developed, followed by the constant voltage mode.
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5. Results

5.2.1 Constant current mode with current control.

The control loop followed is the one shown in Figure 5.8.

Figure 5.8: Simulink block of the digital current control strategy for a 3 modules
DAB bidirectional DC-DC converter.

Based on it, the results obtained for the constant current mode are shown in Figure
5.9. A small disturbance was introduced to observe how the control system behaves.

99



5. Results

Figure 5.9: Results of the digital current control strategy for a 3 modules DAB
bidirectional DC-DC converter.

In Figure 5.9 the first graph is the output current and the second one the phase shift.
The curves are, according to the legend: 1. Output converter reference. 2. Output
from a real system model controlled with a PI(z). 3. Output from a continuous-time
transfer function model controlled with a PI(z). 4. Output from a discrete-dime
transfer function model controlled with a PI(z). 5. Output from a continuous-time
transfer function model controlled with a PI(s). 6. Output from a real system model
controlled with a PI(s).

As it can be seen in Figure 5.9, the system is totally coherent. On one hand,
all the models controlled with a discrete PI(z), reaches the new steady state at one
time. Same happens with the continuous-time PI(s), but with different setting time,
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related to the controller used. On the other hand, those based on the real system,
reach the same phase shift and higher (deviation of 2.54 %) than the one expected
from formulas, as explained before. Also, those based on a transfer function system,
reach the same phase shift and lower (deviation of -0.98 %) than the expected from
formulas, also explained before.

5.2.2 Constant voltage mode with cascade control.

The control loop followed is the one shown in Figure 5.10.

Figure 5.10: Simulink block of the digital cascade control strategy for a 3 modules
DAB bidirectional DC-DC converter.

Based on it, the results obtained for the constant voltage mode are shown in Figure
5.11. A small disturbance was introduced to observe how the control system behaves.
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Figure 5.11: Results of the digital cascade control strategy for a 3 modules DAB
bidirectional DC-DC converter.

In Figure 5.11, first graph is the output voltage, second one is the output current and
the third one the phase shift. The curves are, according to the legend: 1. Output
converter reference. 2. Output from a real system model controlled with a PI(z).
3. Output from a continuous-time transfer function model controlled with a PI(z).
4. Output from a discrete-dime transfer function model controlled with a PI(z). 5.
Output from a continuous-time transfer function model controlled with a PI(s). 6.
Output from a real system model controlled with a PI(s).

As it can be seen in Figure 5.11, the system is totally coherent. On one hand, all
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the models controlled with a discrete PI(z), reaches the new steady state at the
same time. Same happens with the continuous-time PI(s), related to the controller
used. On the other hand, those based on the real system, reach the same phase shift
and higher (deviation of 1.7 %) than the one expected from formulas, as explained
before. Also, those based on a transfer function system, reach the same phase shift
and lower (deviation of -0.17 %) than the expected from formulas, also explained
before.

Taking a look in all of them, it is important to highlight that the systems have such
a smooth reaction to the disturbances because it is equivalent to a first order system,
where the typical response in those cases is the one shown in all these results.
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6
Conclusion and future work

In this chapter, the conclusions for this Master Thesis are presented.

A complete digital control of a DC/DC converter for a fast charger station of 300
kW for electric vehicles has been presented in this Master Thesis. Therefore, a
contribution for reducing the charging time, one of the main drawbacks of electric
vehicles, has been achieved.

Moreover, all the goals proposed for this Master Thesis have been accomplished:

1. A steady state analysis of the dc/dc converter was carried out.

2. The small signal modeling of the converter for digital control implementation
was developed for both single module a 3 modules DC/DC converters.

3. The charging strategy has been selected.

4. The digital control of a single module DC/DC converter was obtained.

5. The parallel connection for the 3 modules DC/DC converter and its control
strategy were decided. It is important to highlight that one of the main
achievements of this thesis is that it was demonstrated that the parallel con-
nection of several modules is totally possible and reliable.

6. The digital control of a 3 modules DC/DC converter was developed.

However, it has a weakness. Along this Master Thesis, only the charging mode has
been studied. Therefore, the discharging process needs to be studied as well.

As an end for this report, possible future lines are proposed.

As a continuation of this Master Thesis, a DSP implementation of this control
technique, for both types of converters, should be developed. As a suggestion, it
could be implemented with an Infineon MCU, which are easier to work with than
Texas Instruments ones.

Afterwards, it would be time to test it on a lab charger, already built in Chalmers.
After that, it could be implemented in a real prototype.
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Last but not least, it is important to study as well the uncharging process, since it
is a bidirectional charger.
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