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This thesis presents a control strategy
for a DC/DC resonant converter for
offshore WT application. The main
objective is to obtain fast and accu-
rate power tracking. The control archi-
tecture is based on a feedforward de-
veloped by linearization of the power
to frequency equations. The method
used contains an algorithm that ob-
tains the right switching frequency
from a look-up table in order to follow
the reference power. Results obtained
by simulation on a lossless 10MW
converter show a good performance
on the whole operating range during
power and output voltage steps. More-
over, the controller is able to reject
output voltage harmonics and has a
proper set-point tracking bandwidth.
The validation of the control struc-
ture is performed on a 10kW and 5kV
output voltage laboratory setup. Ex-
perimental results reflect a favorable
matching but arise further issues such
as: proper MV measurement, non-
idealities and output choke impact.
Furthermore, the need of a low gain
compensator in parallel is necessary to
avoid steady-state error when the res-
olution of the feedforward is reduced.
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Chapter 1

Introduction

The demand of renewable energy sources for the future has increased the number
of WTs installed across the globe as re�ects the IEA [1]. Currently, the majority of
WPP are placed onshore, however, offshore wind farms have rapidly grown in the
recent years [2]. The main advantages for it are high and stable wind speeds,
enabling the use of larger WTs compared to those commonly used on inland.
Moreover, the distance of offshore WPP's from land and the freedom from con-
structional obstacles allow the development of wind farms with higher number of
turbines than onshore WPP's [3].

On the other hand, there are technical challenges about how to deliver the en-
ergy to the onshore network. Traditional HVAC transmission systems have higher
costs as power level and distance to the onshore network increase compared to
HVDC, according to some studies in [4] and [5]. In addition, as an improvement for
HVDC submarine cables with MVAC collection grid used in some farms, MVDC
collection grids could reduce material costs and increase ef�ciency [6].

Following the purpose of installing a MVDC collection grid, a DC/DC con-
verter to step up the voltage with high turns ratio is needed. High availability,
ef�ciency and power density are all targets for an offshore WT converter. For these
requirements a resonant converter for DC WT could �ll the gap as this design
paper introduces [7]. Instead of using resonant converters with a hard switching
topology as in [8], this thesis analyses a new resonant converter being investigated
at Aalborg University [9] [10].

This converter, called SRC#, differs from typical series resonant converters by
placing the resonant LC tank from the primary side of the transformer to the sec-
ondary side. The converter is operated with a novel method of operation, entitled
pulse removal technique, characterized by variable frequency and phase shift mod-
ulation in the subresonant region [7]. This mode of operation reduces the trans-
former size by 50% while losses are kept below 1.5% from zero to nominal power,
due to soft-switching characteristics [11].

1



2 Chapter 1. Introduction

The main interest of the DC/DC converter for WT applications is power and
input DC link voltage control to allow working on the MPPT of the generator and
avoid component stress during output voltage �uctuations. Therefore, variable
frequency control is needed. This thesis focuses on the design and impact of the
close control for this converter topology on a 10MW converter simulation model
and the validation of it on a scaled-down setup of 10kW and 5kV output voltage
located in [12].

1.1 Problem Formulation

As there are still many uncertainties regarding control and design of a wind farm
with DC collection network, beside the impact of converter topology on ef�ciency,
bill of materials and others, it's crucial to determine the impact of DC/DC con-
verter control during steady state, set-point tracking bandwidth and dynamic oper-
ation. The performance on the MV side DC link during output voltage harmonics,
output voltage steps and output voltage sag are also important factors to consider.
The main objective of this project is to design, implement and test an optimal con-
trol for this particular converter that is able to achieve fast and accurate power
tracking.

1.2 Thesis structure

The structure of this thesis is as following:

� Chapter 2 presents the converter mode of operation and conduction modes
that occur under different conditions. Following, the steady state operation
power equations are derived from it.

� Chapter 3 explains the design procedure for the feedforward control block
and its laboratory implementation. Afterwards, the small signal model of the
SRC# is introduced and the design criteria for the PI tuning process.

� Chapter 4 shows the controller performance under different tests by simu-
lation on the 10MW lossless converter such as: Steady-state error, set-point
tracking bandwidth, power steps, output voltage steps, output voltage dis-
turbances and output voltage sags.

� Chapter 5 validates the controller performance under different tests by a lab-
oratory implementation and simulation on a 10kW scaled-down converter.

� Chapter 6 exposes the discussion based on the results obtained with different
scenarios and controllers. Finally, Chapter 7 explains the conclusions of this
thesis.
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1.3 Case Study

As mentioned in the introduction, HVDC collection could have great advantages
compared to HVAC collection, however, this technology is still immature and many
aspects are required to be analyzed such as high-power DC circuit breakers and
high-power DC/DC converters topologies together with a control system that ful-
�ll steady-state and dynamic requirements. [6]

In Figure 1.1 the structure of the DC collection grid is represented. A cluster
of DC wind turbines feed energy into the MVDC � 50kV with submarine cables
through a DC/DC converter that steps up the voltage. The off-shore substation
is the responsible of maintaining constant the MVDC voltage on the � 50kV side,
which is then elevated to HVDC � 320kV to an eventual DC/AC onshore substa-
tion that is connected into the main supply grid.

Figure 1.1: Cluster of DC wind turbines connected to a � 50kV MVDC collection

The SRC# is composed by a controlled LV inverter, a medium-frequency trans-
former, a resonant LC tank, a passive MV recti�er and, an output �lter, see Fig-
ure 1.2. The SRC# is responsible of controlling the input DC link by sending the
right power reference. Voltage and current are input signals being fed into the
control, and the output of it is a variable switching frequency.

The controller is tested on an electrical simulator for the real 10MW application
and on a 10kW laboratory setup for the validation. Speci�cations of each case are
represented in Table 1.1.

Table 1.1: Operating condition of the 10 MW converter model and the scaled down 10 kW setup

Pnominal fsw Vin Vout

Electrical circuit simulator (Plecs) 10 MW [0-1000] Hz 4 kV 100 kV

Laboratory setup 10 kW [0-1000] Hz 500 V 5000 V
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Figure 1.2: System of the study case

Figure 1.3: Laboratory setup components

The study case of the laboratory setup in Figure 1.3 is composed by:

� Input DC voltage source with grounded outlet

� Two input �lter capacitor connected in series

� An inverter assembled with four controlled IGBT modules

� An oil insulated medium-frequency transformer with grounded case.

� A resonant tank composed by an inductor in series with a capacitor.

� A recti�er composed by 12 diodes per leg, each having a RC voltage balanc-
ing circuit connected in parallel.
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� An output DC voltage source grounded by the outlet

Other related laboratory details can be found in Appendix A.

1.4 Project Limitations

� The whole turbine system is not implemented in the laboratory setup. There-
fore, an input DC voltage source is employed to simplify the emulation of the
blades, gearbox and, generator.

� An output DC voltage source is used to emulate the MVDC network, consid-
ering the off-shore substation responsible for keeping the voltage constant.

� The design of the converter for 10MW speci�cations was provided.

� The scaled-down 10kW laboratory setup placed in MV laboratory, at Aalborg
University, was already built and designed. In section B.1 the laboratory
limitations for the particular test are explained.

1.5 Scope of Work

� Understanding of the converter design, operation, conduction modes, power
�ow analysis and small signal analysis.

� Design, implementation and test of a control system on an ideal lossless con-
verter for 10MW application on an electrical simulator.

� Characterization of a 10kW and 5kV output voltage laboratory setup includ-
ing nonideal components, measurement circuits, modulator and A/D con-
version.

� Implementation, validation and test of the control technique , on the labora-
tory setup and on an electrical simulator.

� Evaluation, discussion and future work proposal based on the obtained re-
sults.





Chapter 2

Converter Model for SRC#

First, this chapter presents the SRC# operation principle: the pulse removal tech-
nique. It is explained how the pulses are generated and for which purpose. After,
the conduction modes and current shape, that derive from the operation condi-
tions, are brie�y explained. Finally, the power �ow equations used from 0 to 1pu
output power in DCM region and CCM are presented.

2.1 Converter Operation and Conduction Modes

The condition under which the resonant converter presented in chapter 1 is oper-
ating is in the sub-resonant region fsw < f r. The reasons behind it, presented in
[13], are ZCS for switches in the Vin LV side (IGBT's) and on the Vout MV side (line
frequency diodes) which result in lower switching losses.

The pulse removal technique consists on applying the same Vin pulse length
on the transformer regardless of the switching frequency, as a consequence of a
constant phase shift. As a result, by controlling the number of pulses, switching
frequency, the output power can be controlled. The switches pair S1/S2 (leading
leg) and S3/S4 (lagging leg), in Figure 2.1 a), operate at constant duty cycle, set at
50%. The phase shift is applied between the leading leg (S1/S2) and lagging leg
(S3/S4), with a duration of half the LC tank resonant period. In this way the ZCS
is achieved since the operating frequency fsw is always lower than the resonant fr .
The resultant applied voltage to the transformer at different switching frequencies
is shown in Figure 2.1 b) (black line). When the input voltage is applied a resonant
cycle on the current (red line) occurs and turns off naturally before the applied
voltage is �nished. As it can be observed, the magnetizing current (blue line) is
symmetric in all frequency range due to 50% duty cycle.

With the pulse technique mentioned above, the transformer is excited with Vin

when S1/S2 are conducting followed by a zero period when S1 is ON and S3 turns
off. This excitation of the transformer is mirrored when S2 and S4 are conducting,

7
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Figure 2.1: a) Structure of the SRC# b) Applied voltage on the secondary side of the transformer
(black), secondary current (red) and magnetizing current (blue). Increase of switching frequency,
increase number of pulses and, as a result, increase of the output power

followed by S4 turn off. In this way, symmetry is achieved, avoiding saturation
of the transformer. The conduction modes that result with this operation of the
converter are four:

� DCM1. Occurs in the entire range between 0 to fr when after a resonant cycle
"T1", the capacitor voltage Vcr in the resonant tank is lower than the output
voltage and therefore a zero period "X" appears until the next resonant cycle
is applied Figure 2.2 a).

� DCM2. Occurs when the voltage across the capacitor of the LC tank Vcr after
a resonant cycle "T1" is higher than Vout and starts to get discharged in period
"Q1". However, the frequency range where it happens is 0 < fsw < fr /2 as
two complete half resonant cycles are not possible above fr /2 and therefore
it can be observed a zero period "X" only in this range Figure 2.2 b).

� CCM1-Hybrid. Following the description of DCM2, when the voltage across
the capacitor is higher than Vout after a pulse is applied, and in the frequency
range fr /2 < fsw < fr , the resonant cycle "Q1" will not �nish before "T2" pe-
riod starts, therefore the resonant cycle "T1/T2" start from a non-zero current
Figure 2.2. c)

� CCM1. When having suf�cient DV between input and output and at high
frequency, the capacitor voltage after a resonant cycle will eventually be-
come Vcr > V0

in + Vout, then another conduction period will appear after the
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zero current crossing during a resonant cycle, called "D1" where the reso-
nant capacitor starts to get discharged when the input voltage is still applied
followed by the "Q1" period described by CCM1-Hybrid. Figure 2.2 d)

Figure 2.2: Conduction modes of the SRC#. Top �gures: re�ected input voltage V0
G (black), capacitor

voltage Vcr (green), secondary current irs (red). Bottom �gures: input voltage VG (black), primary
current irp (red), magnetizing current im (dashed black)

Further details regarding the choice of operating conditions, details on the
subintervals for conduction modes and equivalent circuits are explained on [13].

As a summary, the chosen mode of operation has the characteristics in Table 2.1
which have to be considered for the controller design in the next chapters. The
switching frequency as a control variable will imply that the controller has to be
designed in a proper manner to be able to work in the linear region of DCM and
non-linear region of CCM. Furthermore, the consideration of DV as another factor
of conduction mode boundary variable has to be taken into account.

Table 2.1: Converter operation characteristics based on the design of the IGBT's pulses

Characteristic Value Reason

Variable switching frequency
[0-1000Hz] Control the number

of pulses in order to
control the output power

Constant phase shift
1/ (2 � fr ) Allow the resonant cycle

to have a ZCS in
all operating range

Constant duty cycle
0.5 Achieve symmetry on voltage

and currents, especially
the magnetizing current
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2.2 Steady State Operation

DCM

When considering the power equations for the DCM region, the area of the current
during a switching interval has to be analyzed. This can be performed by looking
at the charge on the capacitor q which is charged by the tank current during a half
cycle in Equation 2.1.

Iout = < j ir j > Ts= 2 � q � fsw (2.1)

The output current is then related to the resonant capacitor charge. At the peak
current of the capacitor, its charge is related with capacitor voltage as following:

q = 2 � Cr � VCr (2.2)

It can be then described the output current average in relation to the capacitor
voltage:

iout = 4 � Cr � VCr � fsw (2.3)

Therefore, by knowing that the voltage across the capacitor is equal to the
output voltage after a resonant cycle "T1" for DCM1, and, after the "Q1" period
for DCM2, it can be derived the power �ow equation as:

Pout = VoutIout = 4 � fsw � Cr � N � Vin � Vout (2.4)

As shown in the Figure 2.3, the relation between output power and frequency
is linear in the DCM region and its valid for both DCM1 and DCM2. Moreover,
regarding DCM2, when Vout decreases, the averaged current after a switching cycle
remains constant but since the output voltage is lower the output power decreases
linearly.
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CCM1-Hybrid

As described in section 2.1, when there is a voltage difference betweenV0
in and Vout

and the switching frequency is higher than half of the resonant frequency, in the
conduction period "Q1" the secondary current does not cross zero, so the resonant
cycle starts from a non-zero current. Due to this fact the power �ow analysis needs
to be performed differently looking at the state variables value at the end of each
conduction interval.

The mathematical model describing the equations at each conduction interval
for CCM1-hybrid is explained in Appendix C and is developed through discrete
time modelling. From the state space model of the SRC# it can be seen that the
output current iout becomes a non-linear function of some state variables shown in
Equation C.19. Therefore, a linearization need to be performed in order to evaluate
the equations.

In [14] the state plane analysis methodology was applied to develop an expres-
sion to obtain the operating points for the state variables. This derivation is shown
section C.2, where it can be obtained the voltage across the capacitor shown in
Equation 2.5 and current on the inductor Equation C.47 at the end of each switch-
ing interval. Both inductor current and capacitor voltage initial conditions at the
beginning of each conduction period, increase with the switching frequency which
result in a higher current that is not linear.

VCr,1(k) =
Vg � Vo � [1 + cos((2 � wrs)p )]

2Vo � Vg � [1 � cos((2 � wrs)p )]
(2.5)

Where wrs = fr / fsw.
Since the output current can be approximated at its mean value due to the �lter

inductor, it can be related the charge on the capacitor in each event to the peak
value of the capacitor voltage in Equation 2.6:

Io = 4 � Cr � VCr,1(k) � fs (2.6)

Finally, after having the equation of the output current depending on the ca-
pacitor voltage, the output power for CCM1-Hybrid can be described as:

Pout = Vout � Iout = 4 � Cr � fs �
Vg � Vo � [1 + cos(2 � wrs)p )]

2Vo � Vg � [1 � cos((2 � wrs)p )]
(2.7)

The relation between power and frequency for CCM1 becomes more non-linear
than CCM1-Hybrid since another conduction period appears. The power to fre-
quency relation in this conduction mode is derived in [13] but is not used in this
thesis since its high non-linearity make it not favourable to operate with.

In Figure 2.3 the curves relating output power and frequency for different DV
are represented. The black line shows the DCM1 curve when DV = 0% from
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0 to 1pu output power. It can be clearly seen that if the voltage difference in-
creases, the power delivered at the DCM2 region (light green) and at the begining
of CCM1-Hybrid (blue) is lower than the DCM1. However, as the switching fre-
quency approaches nominal values, when DV increases so does the output power
at the end of CCM1-Hybrid region reaching higher values than DCM1. In order
to reach nominal power it is not necessary to operate at the CCM1 region and
therefore it is not needed to included in the converter model.

Figure 2.3: Relation between switching frequency and output power at different DV



Chapter 3

Converter Control Design

In this chapter is presented the control strategy implemented for this converter's
topology. Two different control systems have been analyzed. First, a FeedForward
(FF) controller, see section 3.1. Then, due to variable switching frequency operation
of the converter, the same FF controller is implemented with a gain scheduling PI
controller that varies its gain values along the switching frequency.

The power control requirements followed for the design of the implemented
controllers are of qualitative nature. A fast and accurate power tracking is required
during different case scenarios. Moreover, the least impact of the implemented con-
trollers on the MVDC network is required such as, good output voltage harmonics
rejection and optimal performance during output voltage sags on the MVDC col-
lection.

3.1 Feedforward design

The feedforward implemented for this converter's topology is designed to give a
proper switching operating frequency to the modulator for power control of the
converter. In this way, the desired reference power ( Pre f) can be delivered to the
grid at a speci�c operating point de�ned by the voltage difference between Vin and
Vout .

Without considering the operation in CCM1-hybrid, it can be seen in Figure 2.3
that in DCM operation there is a linear relationship between power and the input
variables ( fsw, Vout, Vin). So, the FF during DCM operation can be designed directly
from the power equation Equation 2.1, with frequency as output, see Equation 3.1.

fsw,FF,DCM =
Pre f

4 � N � Cr � Vin � Vout
(3.1)

However, due to the complexity and non-linearity of the analytical equations
during CCM1-hybrid operations (Equation 2.7), it is challenging to implement an

13
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inverse function for the FF that relates back switching frequency from power, out-
put voltage and input voltage levels. Therefore, the FF is generated by linearization
of the power curves obtained from state plane analysis of the analytical equations
CCM1-hybrid operations, see section 2.2.

The FF has been designed with search algorithm on a 2D look-up table gener-
ated from the linearization of the power curves during CCM1-hybrid. The operat-
ing conditions of the FF are presented in Table 3.1.

Table 3.1: Operating conditions of the linearized FF implemented in the ideal 10 MW converter

fsw [Hz] Vout [kV] Vbase[kV] Pbase[MW]

Ideal [600-1000] [97.5-100] 100 10

As example, in Figure 3.1a is depicted the linearization of the power curves
at four different output voltage levels. In Figure 3.1b is also illustrated the power
curves' linearization along the output voltage at four different operating switching
frequencies.

(a) Linearization of power curves along the
switching frequency

Blue: Vout = 1 p.u Red: Vout = 0.99 p.u
Green: Vout = 0.98 p.u Cyan: Vout = 0.975 p.u

(b) Linearization of power curves along the
output voltage

Blue: fsw = 600 Hz Red: fsw = 750 Hz
Green: fsw = 900 Hz Cyan: fsw = 1000 Hz

The variables of this linearization used for controller in the FF search algorithm
are:

� Plin [x, y]: a matrix of power levels in the linearization points of the power
curves, see black dots in Figure 3.1a and Figure 3.1b
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� fsw,lin [x]: a vector of switching frequencies de�ned by the linearization steps
along the switching frequency direction, x axis in Figure 3.1a

� Vout,lin [y]: a vector of output voltage levels de�ned by the linearization steps
along the output voltage direction, x axis in Figure 3.1b

� K f , x[y]: a vector of slopes along the switching frequency for each lineariza-
tion step, see straight black lines in Figure 3.1a. One vector for each output
voltage linearization level.

� Kv, y[x]: a vector of slopes along the voltage difference for each linearization
step, see straight black lines in Figure 3.1b. One vector for each switching
frequency linearization level.

Where x and y represent the different indexes for each segment of the linearized
power curves, see Figure 3.1a and Figure 3.1b. Thex is the index along fsw and, y
is the index along Vout.

In particular, K f , x and Kv, y are calculated by simple linear equations:

K f , x =
DP

Dfsw
(3.2) Kv, y =

DP
DV

(3.3)

Meanwhile, Plin , fsw,lin and, Vout,lin are obtained directly from the ideal power
curves.

In order to have a better idea of the working principle of the FF search algo-
rithm, a 3D plot of the power curves along the switching frequency and the output
voltage is depicted in Figure 3.2.

Figure 3.2: Linearization of power curves for the implementation of the Feedforward
Colored surface: Ideal power curves every 20 V difference

Black lines: Linearized power curves every 25 Hz and 500 V linearization steps
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The �gure shows the surface obtained from the power curves generated and its
linearization.

In Figure 3.2, K f , x and Kv, y are the slopes of the black lines along fsw and Vout

respectively. Meanwhile, the matrix Plin is depicted as the cross point between the
black lines in Figure 3.2. Each line that varies with the frequency is at one speci�c
constant operating output voltage. On the other hand, each line along the output
voltage axis is at constant frequency. Therefore, the linearized map presented in
Figure 3.2 is composed by power curves at constant frequency and, power curves
at constant output voltage.

The operating principle of the FF search algorithm is based on an iterative
search along �rst, the output voltage then, the linearized power levels. In this way,
the power area where Pre f resides can be found, see Figure 3.3. Finally, knowing
all the four points and slopes of the area, the exact fsw is calculated and given to
the modulator for power-frequency converter control.

Figure 3.3: Zoomed view of Figure 3.2 for the implementation of the feedforward control and search
algorithm principle

The equations Equation 3.4, Equation 3.5 and Equation 3.6 are used in the
search algorithm, and its operating principle is explained in the following diagram,
see Figure 3.4.

Pbase= Plin [x, y] + ( Vout � Vout,lin [y]) � Kv, y[x] (3.4)

Kn = K f , x[y] +
Vout � Vout,lin [y]

Vout,lin [y + 1] � Vout,lin [y]
� (K f , x[y] � K f , x[y + 1]) (3.5)

fsw = fsw,lin [x] +
Pre f � Pbase

Kn
(3.6)
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START

Input variables:
Pre f and Vout

Is
Vout,lin [y] < Vout < Vout,lin [y + 1]

y = y + 1

Is
Plin [x, y] < Pre f < Plin [x + 1,y]

Pbase, kn

and fsw,FF

calculation

x = x + 1

Is
fsw,FF > fsw,lin [x + 1,y] x = x + 1

fsw = fsw,FF

END

Start the search
function iteration

Input variables of the
algortihm search.

Pre f: power search.
Vout: voltage search

Start the search on
the output voltage,

highest voltage. Find
at which �xed voltage
power curve the power
search has to be done

Start the search on the
linearized power points
along the power curve

found from the previous
search, lowest power.
Find at which power

plane the reference power
resides, see Figure 3.3

See Equation 3.4, Equa-
tion 3.5 and Equation 3.6

Check if the frequency
calculated has been
obtained in the right

power plane of Figure 3.3

Output the switching
frequency calculated

YES

YES

NO

NO

NO

YES

Figure 3.4: FF search algorithm working principle
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3.1.1 Laboratory implementation

The implementation of the FF in the laboratory is slightly different from the ideal
one, basically due to dif�culties on obtaining the analytical equations of a real
setup that generate the necessary power curves and take into account all the non-
idealities and uncertainties. The power curves used by the FF controller have been
obtained by experimental data, see Appendix B.

The obtained power curves and the generated surface for the FF implemented
in the laboratory is shown in Figure 3.5.

Figure 3.5: Experimental power curves (top) obtained at three different output voltage levels. Gen-
erated power surface for the implementation of the FF in the laboratory (bottom). Blue: 5000 V, Red:
4900 V, Green: 4797 V.

Therefore, the boundary operating conditions of the FF implemented in the
laboratory setup are presented in Table 3.2.

Table 3.2: Operating conditions of the FF implemented in the 10 kW laboratory setup

fsw [Hz] Vout [V] Pmax [W]

Laboratory [0-1000] [4797, 4900, 5000] [9005, 9334, 9665]
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Finally, the block diagram representing the converter and the FF controller is
illustrated in Figure 3.6.

Figure 3.6: Diagram block of the system with implemented FF

3.2 Small Signal model of SRC#

The design of the implemented PI controller is based on the small signal model of
the SRC#. From the non-linear equations of tank current, tank voltage and output
current, the plant transfer function Gplant that relates output current and switching
frequency can be obtained. [14] In particular, Gplant can be found through the
linearization of the SRC# state-space model evaluated around speci�c operating
points, see section C.1.

The obtained transfer functions, Gplant, are second order biproper systems [15]
where, close to DCM operation (around 600 Hz), the poles and the zeros are placed
to almost cancel each other. Therefore, transfer functions close to that boundary
operating mode can be considered as gains, zero order systems, see blue curve in
Figure 3.7.

Moreover, in the whole DCM region operation, due to the linearity between
power and input variables, the same transfer function was considered. The struc-
ture of the obtained transfer functions is shown in Equation 3.7.

Gplant(s) =
Io
fsw

�
�
�
�
�
Ṽin = 0,Ṽo= 0

=
a0 � s2 + a1 � s+ a2

b0 � s2 + b1 � s+ b2
(3.7)

In order to validate the transfer functions, a comparison between analytical
simulations (Matlab) and electrical simulation (Plecs) has been made, see Table 3.3.
A 1 Hz step has been applied in both simulation tools at three different operating
frequencies and, the step on the averaged current has been recorded. The percent-
age error between the two results,shown in Table 3.3, is always lower than 0.3%
absolute value. Therefore, the obtained transfer functions present a good match
with electrical simulations.
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Figure 3.7: Frequency response of Gplant (Io/ fsw). Blue: fsw = 600 Hz, Red: fsw = 800 Hz, Green:
fsw = 1000 Hz. Vin = 4 kV, Vo = 99 kV

Table 3.3: Validation of the transfer functions frequency response by comparison between Matlab
and Plecs simulations

Vout [kV] fsw [Hz] Matlab [A] Plecs [A] Error [%]

99.0
600 0.101022 0.101031 0.0089
800 0.11726 0.1172 -0.0512
1000 0.675358 0.673378 -0.2931

99.9
600 0.100102 0.100101 -0.0005
800 0.101663 0.101659 -0.0036
1000 0.137923 0.137703 -0.1594

3.3 PI controller design

In order to reduce the eventual steady-state error coming from the FF, a gain
scheduling PI controller has been designed in parallel, see Figure 3.8.

The choice of the gain parameters of the PI are based on the open loop Bode
design. Due to dif�culties to obtain the transfer function of the implemented FF,
its in�uence has been considered as a gain that brings the static gain of each open
loop frequency response to 0 dB, see Figure 3.9.

Three speci�cations of the open loop frequency response have been followed
for the PI controller design: high gain at low frequency, a high positive phase
margin and an optimum crossover frequency to obtain the best trade-off between
transient response and stability.
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Figure 3.8: Diagram block of the system with FF and gain scheduling PI compensator implemented

Figure 3.9: Frequency response of the plant G with FF included ( Io/ fsw). Blue: fsw = 600 Hz, Red:
fsw = 800 Hz, Green: fsw = 1000 Hz. Vin = 4 kV, Vo = 99 kV
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In order to achieve those speci�cations, from common control theory knowl-
edge [16] [17], the crossover frequency has been chosen to be always 1/10 the
switching operating frequency. Therefore, due to variable operating switching fre-
quency, the Kp and Ki parameters change along the whole range of operation of
the converter, see Figure 3.10.

By achieving those speci�cations, the expected closed-loop control performances
are: stability and low steady-state error. [18] [15]

Figure 3.10: Frequency response of G plus FF plus PIGS (Io/ Ierr). Blue: fsw = 600 Hz, Red: fsw = 800
Hz, Green: fsw = 1000 Hz. Vin = 4 kV, Vo = 99 kV



Chapter 4

Control performance

The 10 MW ideal converter model tested in the following chapter is presented in
Figure 4.1. The parameter values of the ideal circuit components are shown in
Table 4.1.

Figure 4.1: Ideal 10 kW converter circuit

Table 4.1: Parameters values of the ideal circuit components

Component Value

Resonant inductor (Lr ) 78.1 mH
Resonant capacitor (Cr ) 0.25mF

Transformer turns ratio (N) 25
Filter capacitor (Cf ) 25 mF

In the following chapter are presented the steady-state and dynamic perfor-
mances of the implemented controller during different tests.

All the results presented in the following chapter are obtained through simula-
tions in Plecs on the 10MW converter model with ideal components.

23
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4.1 Steady-state performance

The test performed for steady-state performance and, the placement of the current
and voltage sensors are illustrated in Figure 4.2.

Figure 4.2: Steady-state performance test and position of sensors

The steady-state performance test shows the error between a reference power
and the output power of the controlled converter. The steady-state error at each
MW level is shown comparing FF and FF + PIGS. As it can be seen in Table 5.1
the accuracy of the FF is high even at the non-linear region (10MW, Vout = 98kV)
and, therefore the compensator action is low. The error at all operating points,
always lower than 0.1%, validates the power equation for the DCM region shown in
Equation 2.4 and the linearization for the FF look up table made from the equation
in Equation 2.7.

Table 4.2: Steady-state error between output power and reference power for FF and FF+GS

Reference Power [MW] Error [%] Frequency [Hz]
FF FF+PIGS FF FF+PIGS

1 -0.0004 -0.0004 102.04 102.04
2 -0.0004 -0.0004 204.08 204.08
3 -0.0004 -0.0004 306.12 306.12
4 -0.0004 -0.0004 408.16 408.16
5 -0.0004 -0.0004 510.20 510.20
6 -0.0207 -0.0207 611.53 611.53
7 -0.0149 -0.0149 707.06 707.06
8 -0.0024 0.0013 791.82 791.82
9 0.0937 0.0307 859.57 859.28
10 0.093 0.0722 906.98 906.60
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4.2 Set-point tracking bandwidth

The test performed for set-point tracking bandwidth and, the placement of the
current and voltage sensors are illustrated in Figure 4.3.

Figure 4.3: Set-point tracking bandwidth test and position of sensors

The set-point tracking bandwidth test consist on applying a triangular set-point
with a certain amplitude at different frequencies. The amplitude is set to 0.25MW
and the frequency range between 2Hz to 300Hz.

Figure 4.4: Amplitude and phase of output power compared to the reference

Blue: FF Red: FF + PIGS

The �rst test in Figure 4.4 is performed at 9.75MW base power with a DV =
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99kV. The amplitude error is calculated as in Equation 4.1, and represents the
relative error between the output power amplitude and set-point. The phase is
represented as the output power in respect to the reference in the bar diagram,
therefore negative values indicate that the output power is lagging.

The relative amplitude error at low frequencies is kept below 3%, which implies
a good bandwidth tracking up to 30Hz, and when the ratio fsw/ fset� point starts to
decrease the output power is able to follow up to 60% of the amplitude value at
frequencies higher than 100Hz. The phase lag increases as the set-point frequency
increases and reaches around 90� .

AmplitudeError[%] =
AmplitudePout � AmplitudeSetpoint

AmplitudeSetpoint
� 100 (4.1)

4.3 Dynamic performance

The dynamic tests performed in the ideal 10 MW Plecs model of the converter
are power steps and outptut voltage steps. The following results show how the
converter with the implemented controllers respond during step variations on the
reference power or the output voltage.

4.3.1 Power steps

The test performed for power step performance and, the placement of the current
and voltage sensors are illustrated in Figure 4.5.

Figure 4.5: Power step dynamic test and position of sensors

The presented results in this section show the performance of the FF and the
FF gain scheduling PI at different operating conditions, see Figures 4.6.

First, a power step of 0.5MW is applied when the converter is operating in DCM
(power step from 2.5 MW to 3.0 MW), see Figure 4.6 (left). Then, the same power
step is tested during boundary operating conditions of the converter so, when the
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converter's mode operation changes from DCM to CCM ( power step from 5.5 MW
to 6.0 MW), see Figure 4.6 (right). Finally, the power step dynamic performance of
the converter operating in CCM1-Hybrid is shown in Figure 4.6 (bottom).

Figure 4.6: Converter's dynamic performance during power steps-up. Comparison between the
implemented controllers.

Blue: FF Red: FF+ PIGS Black: Pre f

As already seen from the steady-state performance, either for the power step
dynamic performance there is a low compensator reaction, see Figure 4.6.

Moreover, it can be seen that both power step dynamic performances of the
implemented controllers present no steady-state error, no overshoot and, minimum
rise time and, minimum settling time. Those characteristics are typical of a dead-
beat controller [18].

Only in �gure Figure 4.6 (right), there is a visible difference between the FF
(blue) and, the FF plus gain scheduling PI. The reason is due to the higher fre-
quency correction given by the compensator at high frequencies, see Figure 4.7
(right). On the other hand, at lower frequencies, any correction is given by the gain
scheduling PI, see Figure 4.7 (left).

In Figure 4.7, both cases and both controllers present a time delay between the
reference power and frequency correction. In particular, this delay always last less
than one operating switching period. Therefore, the only reason why this time lag
happen is because the step on the reference power has been applied in the middle
of a switching period.

4.3.2 Voltage steps

The test performed for output voltage step performance and, the placement of the
current and voltage sensors are illustrated in Figure 4.8.
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Figure 4.7: Comparison of the frequency correction given by the FF and FF+ CGS at low (left) and
high (right) frequency

Blue: FF Red: FF + CGS Green: Pre f

Figure 4.8: Voltage step dynamic test and position of sensors

In the following results, the dynamic performance of the implemented con-
trollers during an output voltage down-step of 2 kV is presented in Figure 4.9. The
applied output voltage goes from 99.9 kV to 97.9 kV and it is applied when the
converter is operating at full power, 10 MW.

In both cases, the implemented controllers give a negative frequency correction
in order to reach the desired reference power also, when the voltage difference
between input and output has been increased, see Figure 4.10. Moreover, it can be
seen the different frequency correction given by the controllers during an output
voltage step-down, Figure 4.10.
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Figure 4.9: Converter's dynamic performance during output voltage step-down. Comparison be-
tween the implemented controllers.

Blue: FF Red: FF + PIGS Black: Pre f

Figure 4.10: Comparison of the frequency correction given by the FF and FF+ CGS during a voltage
down-step

Blue: FF Red: FF+ PIGS Green: Vout
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4.4 Harmonic rejection

The test performed for output voltage harmonic rejection performance and, the
placement of the current and voltage sensors are illustrated in Figure 4.11.

Figure 4.11: Output voltage disturbance test and position of sensors

The harmonic rejection test consist on applying an output AC sine voltage dis-
turbance of 0.5% Vout amplitude on top of the MVDC voltage level with a variable
range of frequencies between 2 to 300Hz. Afterwards, observe if the converter and
controller are able to keep the reference power constant by reporting the amplitude
and phase of the output current compared to the reference. The �rst reference point
is at 5MW and Vout = 99.2kV where the converter is operating in conduction mode
DCM2, identi�ed as a linear region. In Figure 4.12 is compared the plant reaction
in open loop (in blue) with the FF control technique and FF with GS.

The second reference point is at nominal power 10MW and Vout = 99.2kV
where the converter is operating in conduction mode CCM1-hybrid, identi�ed as a
non-linear region. Shown in the bar diagram in Figure 4.13 the controller is able to
keep the output power with a lower amplitude than the response of the plant (open
loop, in blue) until 150Hz disturbance frequency. Since this test is performed in
the non-linear region, the amplitude of the open loop response is higher compared
to the previous test at 5MW.
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Figure 4.12: Amplitude error [%] of the output current respect to current reference for a output
voltage disturbance of amplitude Vdist = 0.5%Vout and frequency range from [2 to 300Hz]. Phase
lag [o] of output current respect to reference current.

Blue: Open Loop Orange: FF Yellow: FF + PIGS

Figure 4.13: Amplitude error [%] respect to 10MW reference power when applying a voltage distur-
bance on the output of amplitude Vdist = 0.5%Vout and frequency range from [2 to 300Hz]. Phase
lag [o] of output current respect to reference current.

Blue: Open Loop Orange: FF Yellow: FF + PIGS
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4.5 Output voltage sag

The test performed for output voltage sag performance and, the placement of the
current and voltage sensors are illustrated in Figure 4.8.

Figure 4.14: Output voltage sag test and position of sensors

The output voltage drop test consists on setting a current limitation for the
controller when the output voltage drops suddenly, and goes out of the FF (and
converter) boundaries causing a high current. In that case the purpose of our
controller is no longer control the power but set a limitation on the current that
does not damage the converter until the output voltage is restored. In Figure 4.15
is shown the difference between having a current limitation or not.

Figure 4.15: Comparison between power reactions of the converter in open loop and with the FF
controller with current limiter, when a negative output voltage drop occurs, 9000 V

Blue: Open loop, current (top), power (bottom) Red: FF with limiter, current (top), power (bottom)
Black: Pre f Green: Vout
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4.6 Filter inductor impact

The test performed to analyze the output choke impact and, the placement of the
current and voltage sensors are illustrated in Figure 4.16.

Figure 4.16: Filter inductor impact test and position of sensors

When the inductor is placed on the output it is important to investigate its
effect. Since the converter is operated at variable frequency between 0 to 1kHz, the
resonant frequency of the �lter should be reasonably low so it does not amplify
the recti�ed current pulsating at twice the switching frequency.

The resonant frequency of an LC �lter is given by Equation 4.2

fr =
1

2 � p
p

L f � Cf
(4.2)

In this test an inductor of 1.2 mH and capacitor of 25 mF with a resonant fre-
quency of 29 Hz.

As it can be seen in Figure 4.17 during a power step at 4.5MW to 5MW in open
loop, oscillations at 29Hz on the voltage across the capacitor cause oscillations of
low amplitude on the recti�ed current and high amplitude on the output of the
�lter.

However, as it can be seen in Figure 4.18 the FF reacts with a frequency correc-
tion overcome this oscillation positively.

On the other hand, when a step is applied at high power, 10MW, in Figure 4.19
it can be seen that the open loop response looks like a �rst order response and
the voltage across the capacitor only has one oscillation, which results on a better
response compared to the reaction of the FF to this oscillation respect of the output
power of the �lter, see Figure 4.20.

In conclusion, since some operating frequencies are close to the resonant of the
low-pass �lter is important to consider the effect of the �lter on the output power to
attenuate the oscillations coming from this one when a change in power or voltage
is applied.
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Figure 4.17: Open loop response to a power step from 4 MW to 4.5 MW when an inductor is placed
on the output. Red: Iavg (top), Pavg (bottom), Blue: I�l (top), P�l (bottom), Green: Vout (top), f sw

(bottom)

Figure 4.18: FF response to a power step from 4 MW to 4.5 MW when an inductor is placed on the
output

Red: Iavg (top), Pavg (bottom) Blue: I�l (top), P�l (bottom) Green: Vout (top), f sw (bottom)
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Figure 4.19: Open loop response to a power step from 9.5MW to 10MW when an inductor is placed
on the output

Red: Iavg (top), Pavg (bottom) Blue: I�l (top), P�l (bottom) Green: Vout (top), f sw (bottom)

Figure 4.20: FF response to a power step from 9.5MW to 10MW when an inductor is placed on the
output.

Red: Iavg (top), Pavg (bottom) Blue: I�l (top), P�l (bottom) Green: Vout (top), f sw (bottom)





Chapter 5

Experimental results

In this chapter, the experimental results obtained from the scaled down 10 kW
setup are presented. The procedures followed in the laboratory are explained in
Appendix B.

Moreover, laboratory limitations are presented in Appendix B. The results from
the set-point tracking bandwidth and the harmonic rejection tests are obtained
from Plecs simulations of a circuit representative of the non-ideal 10 kW laboratory
setup, see Figure 5.1

The circuit presented in the previous sections chapter 4 is a lossless model with
ideal components. However, the 10kW scaled-down setup at Aalborg University
contains non-idealities that are important to consider when building a simulation
model to validate the results, see Figure 5.1.

The model of the sources, IGBT's, transformer and diodes can be found in
Appendix A. The components that have been characterized with non-idealities are
the following:

� Inverter: losses caused by the IGBT's are modelled as resistors

� Transformer: the medium frequency transformer contains several elements
that have to be considered such as leakge inductance, winding resistances
and magnetizing inductance.

� Resonant inductor: since the resonant inductor is hand-winded a stray ca-
pacitance is placed in parallel.

� Snubber circuit and diodes: the diodes used have a certain reverse recovery
characteristics that is important to include. Moreover, the snubber circuit
contains a resistor and capacitor in parallel which also affect the waveforms.

The non-ideal parameter values considered in the electrical circuit simulator
(Plecs) are shown and analyzed in Appendix A where, it has been characterized

37
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the 10 kW laboratory setup. The result of nonidealities on the current waveforms
is represented in subsection A.1.3.

Figure 5.1: Non-ideal circuit converter circuit

The relation between output power and switching frequency for the laboratory
setup cannot be determined by the analytical expressions developed in chapter 2.

Therefore, as already illustrated in Figure 3.5, the power curves used for the FF
implementation in the 10 kW laboratory setup are obtained through experimental
data. Moreover, the operating conditions of the FF are de�ned in Table 3.2.

5.1 Steady state performance

The steady-state performance test compares the output power to the set-point
power given to the controller. In Figure 5.2 results for two different output voltage
levels are tested; the above graph is at 4.9kV and the one below is at 4.95kV. The
procedure followed during the laboratory tests for the steady-state performance is
explained in subsection B.2.1. In general, the FF lacks accuracy at some reference
power levels due to its linearization reaching steady-state errors between 0.2% to
8%. On the other hand, close loop tests show steady-state errors from 0% to 0.4%
with no signi�cant difference between the gain scheduling PI and constant PI.

In Table 5.1 the steady-state error at each kW level is shown respect to the ref-
erence power and to the non-ideal Plecs model with 4.9kV output voltage. On the
right column the switching frequency value is compared among the three control
techniques:
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Figure 5.2: Bar diagram of the steady-state errors between reference and output power. On top bar
diagram for 4.9kV operating point and on the bottom 4.95kV.

Blue: FF Red: FF + PIK Red: FF + PIGS

Table 5.1: Steady-state error between output power and reference power for each control technique
at 4.9kV output voltage

Pre f [W] Error [%] Frequency [Hz]
FF (Plecs) FF+PIK (Plecs) FF+PIGS (Plecs) FF FF+PIK FF+PIGS

2000 -3.450 (-3.008) -0.219 (-0.19) -0.013 (0.130) 223.2 236.0 236.1
3000 -1.879 (-1.951) -0.020 (-0.04) 0.124 (0.341) 336.8 336.7 335.2
4000 -3.527 -1.667 0.263 (-0.03) -0.191 (-0.122)441.3 451.0 449.3
5000 0.685 (-1.502) -0.304 (-0.02) 0.259 -0.081 559.8 553.2 550.0
6000 0.700 (-1.687) 0.237 (-0.312) 0.113 (0.102) 667.8 663.3 658.1
7000 0.204 (-2.018) 0.076 (0.03) 0.038 (-0.187) 777.0 771.9 767.4
8000 -0.274 (-0.410) -0.011 (-0.21) -0.108 (-0.092)863.2 867.3 861.8
9000 -4.017 (-2.889) 0.064 (0.438) -0.314 (-0.121)902.2 923.1 920.8

In Table 5.2 the steady-state error at each kW level is shown respect to the
reference power and to the non-ideal Plecs model with 4.95kV output voltage.
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Table 5.2: Steady-state error between output power and reference power for each control technique
at 4.95kV output voltage

Pre f [W] Error [%] Frequency [Hz]
FF (Plecs) FF+PIK (Plecs) FF+PIGS (Plecs) FF FF+PIK FF+PIGS

2000 -8.168 (-3.582) -0.142 (-0.12) 0.091 (-0.15) 233.6 265.3 265.9
3000 -3.092 (-3.014) 0.334 (0.15) 0.175 (-0.3) 356.9 364.8 364.0
4000 -4.299 (-3.33) 0.333 (-0.16) 0.158 (-0.7) 468.1 488.8 487.7
5000 -0.196 (-0.208) -0.023 (-0.05) 0.312 (0.04) 588.8 590.2 587.4
6000 -0.290 (-2.519) 0.151 (-0.06) 0.026 (0.13) 697.7 698.3 696.4
7000 0.915 (-0.7143) -0.029 (0.17) -0.375 (0.19) 808.0 794.7 795.3
8000 -0.866 (-0.417) -0.120 (0.26) 0.154 (-0.05) 903.2 903.9 903.5
9000 0.087 (-0.64) -0.053 (-0.12) -0.007 (-0.25) 951.1 948.7 950.5

5.2 Set-point tracking bandwith

The set-point tracking bandwidth test shows simulated data about amplitude and
phase lag 1 compared to reference power when applying a power disturbance with
a triangular set-point change ( Vo = 4.9kV), see Figure 5.3. The amplitude of the
set-point tracking is 250W and the frequency range from 2 to 300Hz. In subsec-
tion B.3.4, the test procedure followed for the set-point tracking bandwidth test is
described.

Figure 5.3: Set-point tracking bandwith at 8500W base power, without inductor. Amplitude and
phase between output power and reference power. Simulation results. Blue: FF ; Red: FF + PIGS

1The recti�ed power amplitude and phase was not measured due to lack of running the test with
time measuring in the DSP, however the results with the �lter can be found in subsection B.3.4
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5.3 Dynamic performance

In order to test the dynamic performances of the implemented controllers, the
inductor of the output �lter is removed. In this way, there is no resonance in�uence
from the output �lter and the dynamic performances of the converter itself with
the implemented controllers can be seen.

Two different dynamic tests have been considered in the experimental results
shown below. First, three power steps-up have been performed, see 5.3.1. Then,
also three output voltage ramps-down are presented in 5.3.2, one for each imple-
mented controller.

The procedures and steps followed in order to obtain the presented laboratory
results are described and explained in subsection B.2.2 and subsection B.2.3.

Moreover, a comparison between the experimental results obtained in the lab-
oratory and the simulations collected with the non-ideal circuit implemented in
Plecs is presented for each considered dynamic.

5.3.1 Power steps

The following results show the dynamic performance of the implemented con-
trollers during power step-up at three different operating conditions, see Figure 5.4,
Figure 5.5 and Figure 5.6.

These test want to show how the three implemented controllers respond to
power step-up of 500 W during three different conduction mode of the converter.
First, a step-up from 2500 W to 3000 W, when the converter is operating in DCM,
see Figure 5.4.

Relevant performance characteristics are presented for each tested controller in
Table 5.3, Table 5.4 and Table 5.5. The settling timeTs is obtained when the steady-
state power level stay within a tolerance of 2% of the steady-state power reached
during those power steps [cite something]. The rising time, Tr , is calculated by
standard de�nition of this parameter [cite something], the time period at which the
signal change from 10% to 90% of its �nal value. Finally, the percentage overshoot
(PO), if present, is shown for each implemented controller in Table 5.3, Table 5.4
and Table 5.5.

In Figure 5.4 can be seen the dynamic performance of the implemented con-
trollers during a 500 W power step in DCM operation, experimental results on the
top and simulation results on the bottom. From Figure 5.4, it can be seen that
the FF has a faster response but, never reaches the reference power value. On the
other hand, both FF + PIK and FF + PIGS are able to follow the reference power.
Moreover, it can be seen that the FF + PIGS presents a faster transient compared to
the one with FF + PIK but, with more overshoot, see Table 5.3.

Then, the converter has been tested around a boundary zone between DCM
and CCM. So, a power step from 5600 W to 6100 W is presented in Figure 5.5.
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Figure 5.4: Comparison of power dynamics between the implemented controllers during a 500 W
power step-up [2500W �! 3000W]. Laboratory results (top); Plecs simulation results (bottom)

Blue: FF Red: FF + C Green: FF + PIGS Black: Reference power

Table 5.3: Dynamic performance during power step-up [2500 W �! 3000W]. Comparison between
the controller implemented

Controller Overshoot [%] (Plecs) Ts [ms] (Plecs) Tr [ms] (Plecs)

FF 0.69 (0) 8.9 (6.66) 2.94 (2.94)
FF + C 2.79 (0) 176.98 (6.61) 2.98 (2.93)

FF + PIGS 5.59 (3.91) 29.99 (20.40) 2.98 (2.82)

Regarding the FF performance, blue curves, the output power does not follow the
reference power either after the power step is applied and, either before. When the
FF plus PIK is implemented, red curves in Figure 5.5, the dynamic performance
during a power step is improved compared to the FF one. The output power
reaches with good and fast transient the power reference speci�ed (6100 kW). On
the other hand, when the PI GS is implemented, see green curves, the dynamic
performance presents overshoot of 3.49% and a longer transient compared to the
case with FF + PIK.

Finally, a power step from 8000 W to 8500 W, when the converter is in CCM, see
Figure 5.6. In this case, the FF presents good dynamic performances, see Table 5.5.
Meanwhile, the FF + PIK has the slowest transient compared to the other cases, FF
and FF + PIGS. Regarding the FF + PIGS, the power reaches the reference value
faster than the case with PIK, see Figure 5.6. On the other hand, the transient
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Figure 5.5: Comparison of power dynamics between the implemented controllers during a 500 W
power step-up [5600W �! 6100W]. Laboratory results (top); Plecs simulation results (bottom)

Blue: FF Red: FF + C Green: FF + PIGS Black: Reference power

Table 5.4: Dynamic performance during power step-up [5600 W �! 6100W]. Comparison between
the implemented controllers

Controller Overshoot [%] (Plecs) Ts [ms] (Plecs) Tr [ms] (Plecs)

FF 0.42 (0) 2.98 (3.42) 1.46 (1.47)
FF + C 0.47 (0) 3.06 (13.6) 1.50 (11.7)

FF + PIGS 3.49 (3.56) 24.3 (8.56) 1.5 (1.40)

presents higher overshoot and ringing at a frequency of 140 Hz, see Figure 5.6.

Table 5.5: Dynamic performance during power step-up [8000 W �! 8500W]. Comparison between
the controller implemented

Controller Overshoot [%] (Plecs) Ts [ms] (Plecs) Tr [ms] (Plecs)

FF 0.23 (0.98) 3.44 (3.02) 9.1 (3.38)
FF + C 0.0 (0.97) 122 (4.02) 144.7 (5.6)

FF + PIGS 3.27 (X) 33.8 (X) 3.34 (X)

In Figure 5.4, Figure 5.5 and Figure 5.6 can be seen oscillations when the tran-
sients are �nished. Those oscillations are related to the sampling jitter coming from
an asynchronous sampling of the measured currents, see Figure 5.7. The �gure on
the left shows the measured averaged currents when is present a constant 100 kHz
ADC sampling. In this case, the measured currents present oscillations. On the
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Figure 5.6: Comparison of power dynamics between the implemented controllers during a 500 W
power step-up [8000W �! 8500W]. Laboratory results (top); Plecs simulation results (bottom)

Blue: FF Red: FF + C Green: FF + PIGS Black: Reference power

other hand, right plot of Figure 5.7, a synchronous variable ADC sampling has
been implemented in the Plecs electrical circuit simulator and designed to obtain
200 samples per switching period, regardless the switching frequency. In this way,
it can be seen in Figure 5.7 (right) that, no oscillations in the measured currents are
present.

Figure 5.7: Simluation results of the comparison between measured averaged recti�ed current when
an asynchronous ADC sampling (left) and a synchronous ADC sampling (right) are implemented.

Blue: FF Red: FF + C Green: FF + PIGS Black: Reference power

Results from Figure 5.4, Figure 5.5, Figure 5.6 and Table 5.3, Table 5.4 and,
Table 5.5 show a good match between the experimental results and the Plecs sim-
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ulation results. Only exception are the results at high power, see Figure 5.6, when
the converter operates in the non-linear region CCM1-Hybrid.

5.3.2 Output voltage ramp down

The results from the �gures below show the dynamic performance of the imple-
mented controllers during output voltage ramps-down. These tests are performed
in order to see if the converter is able to maintain the reference power also during
a deviation in the output voltage.

Step on the output voltage are not considered for the experimental results.
Instead, ramps down on the output voltage has been tested because the output
voltage applied from the source ( section A.1) has been de�ned manually through
the knob voltage regulator. Moreover, due to this experimental limitation, each
controller has been tested with different variations applied on the output voltage.

For each implemented controller, the output voltage and the average recti�ed
current with its reference value are illustrated at the top of each �gure. Then, the
calculated power responses are presented for each implemented controller at the
bottom of each �gure.

The reference power is set to 2000 W because, it has been seen during the
laboratory tests that, the averaged output voltage measured by the DSP starts to
increase with the switching frequency, see Figure B.7, Figure B.8 and, Figure B.9.
The reason is the processing time of the implemented FF search algorithm that,
starts to increase when searching high powers. This because, the search starts from
the lowest reference power, see section 3.1. Therefore, during the search, some
ADC sampling values for the voltage measurement are skipped. Moreover, by
increasing the switching frequency, the switching period is reduced so, the time
that the FF has to make the search, more relevant sampling values are skipped.

In Figure 5.8 are illustrated the dynamics of the FF during a ramp-down in the
output voltage. In this case, the output voltage ramp reaches a �nal value outside
the FF operating region. Therefore, the measured output voltage from the DSP is
limited at 4797 V (lowest output voltage of the FF operating region).

From the power curve in Figure 5.8, it can be seen that the FF is not able to
reach the reference power during a ramp-down in the output voltage. Particularly,
the error comes �rst, from the accuracy of the FF and second, the saturation of
the measured output voltage. A similar behaviour can be seen from the Plecs
simulation results, see Figure 5.8 (right).

In Figure 5.9 are depicted the dynamic performance of the FF + PIK. It can
be seen that the correction of the compensator allows the output power to reach
its reference value in around 0.4 seconds. Also in this case, the Plecs simulation
results shown in Figure 5.9 (right) match with the experimental ones.
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