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Abstract

In modern power system, the energy conversion dedua large number of the
energy processors, and demands high quality, stigtitweight, reliable and efficient
power procedures. The existing linear power reguatan only handle low power levels
and demonstrate a low efficiency in the power psstcwy. Pulse-width modulated
(PWM) converters demonstrate high turn on and wffnlosses, and increase in the
electromagnetic interference (EMI). Resonant poagversion becomes more suitable
in the renewable energy and energy harvesting @agmns. Since the resonant
conversion requires operating in high frequency #ectrical components such as
transformers, filter inductors and capacitors beeanuch smaller and lighter. This can
result in reducing size and cost. In addition, o$esoft switching technique in the
resonant conversion reduced the switching lossg&ah level.

In this research project, a DC/DC resonant conwvdwds been designed and modelled in
PSCAD/EMTDC. The functionality of DC/DC resonantngerter is validated in a

hardware implementation of the small scale DC syste
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Chapter 1

Introduction

Conventional electrical power system consists afl§y generations, transmission and
distribution systems. The conventional generatilamtg are driven by some mechanical
power source such as hydraulic turbine, steamnarbjas turbine and etc. while the
electrical transmission lines carry electricity lagh voltages over long distances to
communities [1]. Alternative renewable energy swsh wind, solar and battery are
increasingly recognized as a technology that welldssential component of the future
electrical energy grid. Additionally, renewable e;yebecomes a new emerging market
when every nation in the world seeks to replac {haluting power generating assets
into renewable power.

Efficient energy production and storage will plaikey role in helping to manage the
fluctuations and intermittency issues of renewadtergy in the electrical grid [2].
Renewable energy systems cannot directly be comhé@tto the existing grid because the

energy generated by the renewable energy is mostigrm of DC such as battery or
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solar energy. To overcome this issue and incréesedssibility of integrating renewable
energy to the grid, power electronic devices neethd implemented into the system.
Power electronic technology provides more flexibiln terms of energy conversion and
control and has shown a rapid growth in the past d@cades in modern power system
[3]. The field of power electronics consists ot tklectrical power using electronic
devices. Power electronic devices are versatilecapdble of converting AC to AC, AC
to DC, DC to AC and DC to DC by having a largersaraller magnitude or frequency.
The conversion phenomenon can be achieved by regetlie raw input power and
converting into the conditioned output power sgediby the control system [4].

This chapter discusses the energy conversion usisgnant circuits and how this
phenomenon can be integrated to improve the pedioce of DC/DC energy conversion.
The main focus of this thesis is to design and enmy@nt a DC/DC resonant converter for

power system applications.

1.1 Motivation and Problem Statement

Energy conversion includes a large number of therggnprocessors. Even though
resonant power conversion is the most suitableagapr in the renewable energy and
energy harvesting technologies, it has not beed wadely in power system because
high frequency inductors and transformers with fpglwver rating are expensive and may
not be available as off the shelf components; idlsmuires a complex control system [5-
22]. The past two decades have witnessed a reonlutithe growth of power electronic
technologies. Improvements in this area have leddmaller, more efficient, lighter, less

expensive, and more reliable DC and AC energy atesge [3]. Modern electronic

-2-



systems require high quality, small, lightweigldliable and efficient power conversion
[21-28]. Linear power regulators are suited for Ipawer levels, typically below 20W,
and have a very low efficiency and low power dgnb#cause they require frequency as
low as 50 or 60Hz, line transformers and filter6][2l'he transformers, filter inductors,
and capacitors size can be reduced by increasenggérating frequency. In addition, the
dynamic characteristics of converters improve byreasing operating frequency [26].
The bandwidth of a control loop is usually deteredirby the corner frequency of the
output filter. Therefore, operating at high freqdes allows for reaching a faster
dynamic response to quick changes in the load cuared/or the input voltage [3].
Pulse-width modulated (PWM) converters are wellkcdbgd in the literature and are
still widely used in low and medium power applicat [21-27]. However, the PWM
waveforms increase the turn on and turn off switghiosses that can limit the operating
frequency. Moreover, the PWM waveforms can increasgotential for electromagnetic
interference (EMI). The incapability of PWM conwad to operate with less power
efficiency at very high frequencies forces a limit size of reactive components of the
converter and on power density [21-27]. Kazimiekci28] searched for the converters
capable of operating at higher frequencies, anctldpvthe converter topologies that
generate either a sinusoidal current or a sinubeididgage waveform, and reduce the
switching losses significantly [5-22]. Erickson [dfated design issues encountered in a
variety of products can be solved using the unigaabilities of resonant technology.
Information on resonant power technologies is gsprédaroughout many different

technical journals, conference proceedings andiagi@n notes. In many resonant



DC/DC converters, the switches operate under saftking techniques which can

reduce the switching losses and EMI levels [24].

1.2  Purpose and Objective

In order to address the issues discussed in tiveopiesection, this thesis investigates
the functionality and feasibility of resonant DC/Dsonversion in the power system
applications. In particular the following items addressed:

* Aninvestigation of how the resonant DC/DC convansbperates.

* The modelling, design and PSCAD/EMTDC transientusation of the DC/DC

resonant converter.

* The generalized state space averaging modelingedDC/DC resonant converter.

* The construction of the DC/DC resonant converter.

» Experimentation and analysis of bidirectional oieraof the DC/DC resonant

converter.

* Experimentation and analysis of functionality oé tBC/DC resonant converter

with VSC and AC system.

1.3  Thesis Organization

The contents of thesis are organized in the folhgwinanner. Chapter 2 provides a
deep insight to the theoretical background of DC/i2€onant converters. An in-depth
analysis design and simulation of the DC/DC resbramverters are presented in
Chapter 3. Chapter 4 provides an investigation tihéogeneralized state space averaging

method and verifies the computational efficiencyho$é approach. Chapter 5 presents the
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results of the tests conducted on the DC/DC redomanmverter to confirm the
functionality and feasibility of the design syste@hapter 6 presents the conclusions and
contributions of this research work. In additione tpossible future works based on the

outcomes of the research are discussed.



Chapter 2

Principles of Resonant DC/DC Converters

The use of a resonant circuit with an appropriatdiected quality factor allows
power electronic designers to generate a sinusgmltdge or current waveform at high
frequencies. This topology is often called a DC/i@8onant converter [3]. The resonance
circuit generates voltage and current waveformb w&ro crossings, which can be useful
to improve switching losses. Additionally, soft sehing techniques have been used to
reduce the switching losses and electromagnetifarence (EMI) levels generated by
operation at high frequencies [3]. This chaptertams background information and
theory on different resonant circuit topologies, /IDC conversion with resonance,
resonant converter modes of operation, and comfppkoaches. It also presents basic
simulation results of a designed DC/DC resonantveder to demonstrate its underlying

principles of operation.



2.1  Theory of Resonant Circuits

A resonant converter is essentially based on ansecaler RLC circuit. This
second order system can be configured in eithéesser parallel. Figure 2.1 depicts the
series and parallel resonant circuits. This sectiliscusses the behavior of each
configuration in both time and frequency domainsaad as their applications. It also
discusses how the eigenvalues or natural frequerafie@ach configuration depend on

variations of the load and the frequency.

@)
O
@)

(a) (b)

Figure2.1: (a) A seriesresonant configuration, (b) A parallel resonant configuration

2.1.1  The Time Domain Response

Figure 2.2 shows the switched series RLC networkreyh., ,C, and R_, are

resonant tank inductor, capacitor and the equidbad resistance, respectively.

t=0 . L, C,
|
|
V,

+
+ Cr
Vdc Rload VI oad

Figure 2.2: The switched series RL C network



By applying KVL and KCL and assuming initial conditsi  (0) = 0Oandv, (0) =V,,

the following equations can be developedtfor O .

: dvg,
I, = 2.1
Lr T dt ( )
Vdc :VRIoad+VLr +VCr (2-2)
2
d V2Cr + Rload dVCr + VCr - Vdc (23)
dt L, dt LC L,C,
1
Defininga :%as the damping coefficient, aal= L,—C as the resonant frequency,
one can re-write (2.3) as follows.
d?v, av,
G T Ve =WV (2.4)
This differential equation has natural frequencigands, , at:
S, =—a*,a’-w’ (2.5)
The complete solution to (2.4) is,
2
wO=b V)| o £ codatra| v @)
ay
where,
w, =4 af —a? (2.7)
Y= tan'l(ij (2.8)
wd

The damping coefficiendz, linearly depends on the load resistance. As altres

the natural frequencies of the series switchednasocircuit may vary and generate
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different response at the output. Figure 2.3 prsstre root locus characteristic of the

natural frequency as the load resistance varies.

Nm{s}

Rload =0

S,

. ) ‘Road - Rds}
Rload =0
_ L
Rioad (:r

S,

Rload =0

Figure 2.3: Theroot locus characteristic of the natural frequenciesastheload varies

At short circuit condition,R,=0 , the damping coefficien#,, becomes zero.
Therefore, (2.6) can be expressed as follow,
Ve, (1) = (Vco _Vdc) E:OS(C‘)rt) Ve (2.9)
The capacitor voltage oscillates arouyfgdat the resonant frequency ef as both

poles are located on the imaginary axis with zezal part. However, at no load
condition, i.e.R 4= , the damping coefficient@, becomes infinity. Therefore, (2.6)
can be expressed as (2.10) where the capacitaageolbecomes constant DC voltage

atv,, .

VCr (t) :Vdc (2 . 10)



Figure 2.4 shows the switched parallel RLC netwoHereL, ,C, and R4 are the
resonant tank inductor, capacitor and the equivédexd resistance, respectively.

t

=0
(o,
iV ici i
Idc I-r Cr—,’ Rioad

Figure 2.4: The switched parallel RLC network

A similar approach can be applied to determinest#tmnd order differential equation

of the circuit shown in Figure 2.4.

d?i, 1 di, 1 . _ g
> + + ||_r =
dt> R, 4L, d LC L.C,

r=r

(2.11)

Since (2.3) and (2.11) are similar, the completetsm to (2.11) can be obtained as,

d

iLr (t) = (I Lo Idc)ﬁ_at 1+(%} Coia)dt + ¢) + Idc (212)

wherely and ¢ are defined in (2.7) and (2.8), respectively.

As a result, the natural frequencies of the pdralgtched resonant circuit can
vary and generate different response at the owdpdt presents the same root locus

characteristic as the series resonant network.onihe difference is when there is short
circuit, i.e. R,,,=0, the damping coefficien, becomes zero. Therefore, (2.12) can be

expressed as follow,

iLr(t) :(ILO _Idc)[coia‘rt)-'-ldc (213)
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The inductor current will oscillate arourlg at the resonant frequency af as both

poles are located on the imaginary axis with zezal part. However, at no load

condition,R = , the damping coefficienty, becomes infinity. Therefore, (2.13) can
be expressed as (2.14) where the inductor curesdrbes constant DC current at
i, ()=l (2.14)

A series-parallel resonant network is the combamabf both series and parallel

resonant circuit, so it can behave similarly tohbdtigure 2.5 shows the switched series-
parallel resonant network where , C, and Cp are the inductor, the series capacitor and

the parallel capacitor of the resonant tank, respsy.

_______________________

Figure 2.5: The switched series-parallel RL C network

The parallel capacito€, andR,,,combination can be converted into an equivalent

serie€C.andRcircuit using (2.15) and (2.16) transformation [29]

1+ A
C,=C, 7 (2.15)
1
= - 2.16
Rs Rload 1+ A2 ( )
A=alC R (2.17)

Figure 2.6 depicts the simplified equivalent citaumhere

-11 -



Coa = c+C (2.18)
R,=R (2.19)
t=0 L i Cq i
T — | i
| +ve- s
Vdc : %:

_____________________

Figure 2.6: The simplified equivalent circuit

For this new configuration, both damping coefficjen and resonant

frequencyw, , depend oRR 4, and the frequency of operation. Figure 2.7 degiwsroot

locus characteristic of the natural frequenciesthes resistance load and operating

frequency vary.

R =0 f =0

QR =0 f =0

Figure2.7: Theroot locus characteristic of the natural frequenciesastheload and
frequency vary
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As a result, the natural frequencies of the sgyasdlel switched resonant circuit
can vary and generate different response at theubaind present the same root locus

characteristic as the series resonant network.ofie difference is when there is short
circuit, R,,,=0, and at no load conditioR,,,=%, the damping coefficienty, becomes

zero. Therefore, (2.12) can be expressed as follow,

Ve(t) = (Vco _Vdc) [cosg, [t) +V, (2.20)

The capacitor voltage oscillates aroudd at the resonant frequency od, as both

poles are located on the imaginary axis with zereal r part. However,

/ 1 . -
atR = é_fanda)zm, the damping coefficiend, becomes% . Because the

resonant network is operating at high frequencieé,mfactor converges to zero.

Therefore, (2.6) can be expressed as (2.21) wheredpacitor voltage becomes constant

DC voltage alV,.

V) =V, 2.21)
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2.1.2 The Frequency Domain Response of the Series-HaraEonant
Circuit
Figure 2.8 presents a square wave voltage wavefByrapplying Fourier analysis,

given in (2.22), the harmonic components of theegigquare wave can be extracted as

given in (2.23).

1 - in2Z
C.==|x(t)& T dt 2.22
" T j (t) (2.22)
0 n:even
Cl=12Ve . oud (2.23)
nir
V(t)/\
Vdc
T
>t
T
_Vdc__ 2

Figure 2.8: A square wave voltage waveform

Figure 2.9 shows the fundamental and the fundarhepites the & harmonic
components of the square wave. Every square-waweformn has a fundamental
frequency sinusoidal component as specified by3(2.@2nd their embedded sine-wave
can be extracted using a low pass filter. Therefangassive resonant low pass filter can
be designed in such a way to generate a good ysatiisoidal waveform from a given

square wave.
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Fundamental component Fundamental + 3rd harmonic

Figure 2.9: The fundamental and the fundamental plusthe 3" harmonic of the
square wave

The admittance of the RLC circuit shown in Figur® 2s a function of complex

frequencys = ja is:

1, 1

L—s+RI CS
Y(s) = T oad ~p .
(s) 1, C+C, 1 (2.24)

S

+ s*+ s+
Rloadcp LrCGC I:aload LrCGC

Table 2.1 summarizes the calculated parameterss&iig 1000V resonant RLC circuit

shown in Figure 2.5 as designed in Appendix B.

Table2.1: The selected parametersfor RLC circuit shown in Figure 2.5

L, 40 uH
C, 1.2 uF
C, | 12uF

Road | 250 Q
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Figure 2.10 depicts the frequency response chaistateof the resonant circuit
shown in Figure 2.5. The resonant frequency ofdtbgigned low pass filter is 32.5kHz.
This means at resonant frequency, the resonantitcacts as a short circuit, therefore,

the voltage component with a 32.5kHz across the is&qual to the source voltage.

[Y(s)l

3.2 3.25 3.3 3.35 3.4
Frequency (Hz)

Figure 2.10: Frequency domain response of the RL C circuit shown in Figure 2.5

The quality factorQ, defines the ratio of the energy stored in themator to the

energy supplied by a generator per cycle [23].

2% Peak Sored Energy  _ fg (2.25)

- Energy Dissipated Per Cycle Af

As shown in Figure 2.10, the quality factor of flieer is high enough to attenuate the

3 and %' harmonic components of the input square wave 8kP& as shown in Figure

2.11.
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Source voltage
Load voltage |~

Voltage [Volt]

Time [sec]

Figure 2.11: The output voltage at 25.3kHz after removing the odd har monics by
passing through the resonant circuit

2.2 DC/DC Conversion with Resonance

The main purpose of using DC/DC conversion is toegate controllable DC voltages
from a fixed DC source. Mohan et al [24] discuss&hy approaches, which can be used
to generate a controllable DC voltage using a fik&Zl source. As discussed in section
2.1, it is possible to generate a purely sinusordaleform from a resonant circuit. The
DC/DC resonant converter uses this capability af tBsonant filters to generate a
controllable DC voltage. A resonant DC/DC converdan be obtained by cascading an
inverter and a rectifier as shown in Figure 2.12igh frequency transformer can also be

used if isolation is required.
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high-frequency
transformer

resonant =
tank >

Figure 2.12: A resonant DC/DC converter block diagram

ac/dc
rectifier

dc/ac
c inverter

DC load

A square wave voltage can be generated by usihgrditalf-bridge or a full-bridge

converter. Figure 2.13 shows the configuration swheof both half and full bridge

converter.

1:: 2\ Ve () 1

Vdc

2\ 1 2
S
(@) (b)

Figure 2.13: (a) Thefull-bridge configuration scheme (b) The half-bridge
configuration scheme

The disadvantages of the half-bridge configurateoe that two DC sources are
required and each switch is stressed by a voltageroent equal tal\V,.. However, only
one DC source is required in full-bridge configioatand reduces the stress of switches

[23]. Therefore, the full-bridge topology was usedhis project.
The purpose of DC/AC inverter is to generate a sgjuave voltage by using a full-
bridge inverter from a fixed voltage source. Figdr&4 (a) and (b) show a full-bridge

configuration scheme and the output voltage geedray the inverter, respectively. The
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output voltage remains atV, when the switches 1 are on and 2 are off. The doutpu

voltage becomesV, once the switches 2 are on and 1 are off.

K K (1) ASion i SO
1l 2 i (1) . V, S, : Off S,:On
Ve () L v, T
2\ 1 T .
N Wl
Switch Network
(a) (b)

Figure 2.14: (a) Thefull-bridge inverter configuration scheme (b) The output
voltage
The generated square wave voltage will excite €s®mant circuit. As discussed in
section 2.1, the resonant circuit converts the Iquave input voltage into a sinusoidal
voltage source by removing the additional harma@oimponents of square wave.
The generated sinusoidal waveform can be rectdigdshown in Figure 2.15. The
rectified waveform contains a DC component. A faithrge capacitor is usually

employed to remove the DC component and to prosiaEgy for the load.

v(t))

v (t) K k A\ S :On S:Of
RA% 1 2 + l<— :Off_)(_ . _>E

U : J = v(t) A——SZ i
—A-~ 2| 1|K - | >t

T T
Rectifier Network 2
(a) (b)
Figure 2.15: (a) Thefull-bridgerectifier configuration scheme (b) The output

voltage
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This representation approach is suitable from alyéinal point of view. Chapter 4
will discuss the analytical representation of DC/E2Sonant converter.

It is important to connect a compatible inverted amectifier in order to develop a
DC/DC resonant converter. For instance, if theifiectrequires an input voltage source,
i.e. voltage-driven rectifier [3], an inverter wigosutput behaves as a voltage source
needs to be connected. As explained in 2.1.1, allpamresonant circuit has this
capability. Similarly, a series resonant circuinhadrive a current source for a current
driven rectifier. A series-parallel resonant citculemonstrates an intermediate
characteristic. If an isolation transformer is ysie parallel capacitor can also be placed
on the secondary side. This way the transformekalga inductance can be included in
the resonant circuit inductor. Therefore, it redudke size, cost and volume of the
resonant tank inductance.

Resonant DC/DC converters have the feature that shetching frequency equals
the fundamental AC frequency of the intermediate A€ stated before, the full-bridge
inverter creates a square wave AC waveform fromDiiesource, and the resonant filter
removes the undesired harmonic components fromnih@ waveforms. Subsequently,
since the difference in frequency between the foretgal component and theé“3
harmonic, the lowest harmonic of the square waveglatively small, a resonant circuit
can be used to approximate the switching frequeattyer than a low pass filter. If the
resonant filter has a high quality factor, it canypde sufficient controllability. Chapter 4
will discuss more of resonant converters’ contrivhtegies. Capability of transferring
energy in both directions demonstrates anotherrdadyga of resonant converter.

The energy loss of a switching device can be catedlas follows [23]:
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t

on,off

EIoss = J.VSNiSth (2.26)
0

wheret,, 4 is the time it takes the semiconductor device to tin or off, i.e. the rise or

fall time of its current and/or voltage. A resonanhverter can be designed such that one
of the switch variables remains close to zero duiia switching period. As a result, it

causes less switching losses in the semiconduetdces. This is one of the advantages
of the resonant converters. However, it resultsigher stress on semiconductor switches

and may increase the conduction losses of the el¢28].

2.3 Control Modes of Resonant Converters

Resonant converters usually control the directibpoaver by changing the switching
frequency [23]. Therefore, resonant convertersardy be used if the exact frequency of
the AC system does not matter or when the DC veltam be varied to control power.

If the switching frequency is slightly higher omler than the resonant frequency, the
resonant tank filter behaves similar to a smalluptdr or a large capacitor. As a result,
the voltage across the load resistor changes aogbyd However, if the resonant tank
filter has a higher quality factor, the magnitudettte voltage changes drastically with
any small variation of frequency. Changing the fiexcy is one approach to control the
output voltage; however, it has some disadvantdfiéise switching frequency is lower
than the resonant frequency, it would be possibiettie third harmonic of the square
wave to be at the cut off frequency of the resortank filter. As a result, the third
harmonic current would flow into the load. This daemore critical if the resonant tank
quality factor is low and the admittance curvehs tesonant tank is broad. This problem

-21 -



forces a lower limit on the switching frequency amdhe quality factor of the resonant
tank filter. Moreover, when the switching frequenty higher than the resonant
frequency, the harmonic components of the squanreeveaie always filtered out, but
switching devices have an upper limit to their siihg frequency, which adds to their
limitations [23].

As discussed in section 2.2, a full-bridge inveitecapable of generating a square
waveform. Now, if the switches turn on and off widelay, the output square wave

voltage will contain a phase shift as shown in Feg2.16.

it
a n+al

-V, H

C

Figure 2.16: The output voltage waveform of a full bridge inverter with phase shift

By applying Fourier analysis, given in (2.22) a@d2@), the fundamental component

of the periodic waveform shown in Figure 2.16 itsed@ined as given in (2.27).
v
Vour = Td =2[C,| (2.27)

If the resonant frequency and switching frequersayain the same, the fundamental

component of input waveform will appear acrossrémstive load. Therefore, the output

power can be controlled by varying from 0 to90° while maintaining the switching

frequency equal to the resonant frequency. Thisrobapproach provides a broad range
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of control by keeping the switching frequency canst The advantage of phase shift
control is that a high quality factor resonantefiltcan be used to remove switching

frequency noise from sensitive equipment exterm#éhé power circuit [23].

2.4  Elementary Simulation Results

This section presents the elementary simulatiomlteedo demonstrate the basic
operation of DC/DC resonant converter. Figure 2iéficts a simple full-bridge inverter
connected to a resistive load through a seriediphn@sonant circuit designed in

Appendix B.

007Q i,  AO0uH 124F

100/JF N }T .
I”—{ \/inV 12,UF % 25(12 Vload
100/JF - T i

full-bridge
inverter

Figure2.17: A full-bridgeinverter connected to aresistiveload through a series-
parallel resonant circuit
Figure 2.18 presents the results of the circuitettgpyed in Figure 2.17. As expected
the output voltage of inverter is a square wavé witagnitude of 250V while the load
voltage and current are sinusoidal waveforms wh $ame fundamental frequency of
25.3kHz. Resonant circuit current clearly demonistréghe charge and discharge duration
of resonant tank inductor. The inductor needs taliseharged completely in order to

reverse the direction of current. Since the digectof inductor current cannot change
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instantaneously, a small dip is created where Witelsing transition occurs. This can be

mitigated by soft switching techniques describe@apter 3.

500 I \ I \ \ I ‘ ‘ I
= | | Inverter voltage AT\
o | | T
> ‘ ‘ Load voltage ‘ AN
() oFA---"-----"N--- . N 1 .
2 | | | | |
= | | | | |
o | | | |
> | | | |
-500 I I | I I I I I I
0.2247 0.2247 0.2247 0.2247 0.2248 0.2248 0.2248 0.2248 0.2248 0.2248
—_ Time [sec]
o
£
<
c 50
o
5
O 0
15
g
S 50 I | | | | |
8 I | I \ \ \
@ 0.2247 0.2247 0.2247 0.2247 0.2248 0.2248 0.2248 0.2248 0.2248 0.2248
Time [sec]
g2 I T T T I T T T I
< 1 | | | | | | | |
= 1/~ [l Uit S T T T T TN T T T === == Ry e
S |
SO0 S AN S NS -
O |
S-lF- T T T TN T T T [l el N Bl i B M
s | | | | |
= 5 I I | I I | I
0.2247 0.2247 0.2247 0.2247 0.2248 0.2248 0.2248 0.2248 0.2248 0.2248

Time [sec]

Figure 2.18: The voltage, resonant current (i ,) and output current

Figure 2.19 presents a similar circuitry having wl-lbridge rectifier connected

between the resonant tank and the resistive load.

l 007Q i, 40tH l.2|,uF
—— MW —]
100uF I + +
- 2500
Vload

+> +

250/ | L L
| 12F —

: I Vinv a Vres

T full-bridge full-bridge
inverter rectifier

47(|3;|1F

Figure 2.19: A ssimple DC/DC resonant converter
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Figure 2.20 presents the results of the circuitettgped in Figure 2.19. As expected
the output voltage of inverter and the input vadtarf the rectifier are square wave with
magnitude of 250V and a delay of 0.18rad with fesgy of 25.3kHz. The phase shift is
generated by the control system to maintain thd lodtage at the desired value 250V.
Chapter 3 will discuss the design of a control @ysin more details. Resonant circuit

current clearly demonstrates the charge and digehduration of resonant tank inductor.

= 200

Voltage [Vol
o

Load voltage [Volf]

| |
| |
0.2492 0.2492 0.2492 0.2492 0.

Resonant Current [Amp]

|
|
|
T ] i | T
| | | | | |
0.2492 0.2492 0.2492 0.2492 0.2492 0.2493 0.2493 0.2493
Time [sec]

Figure 2.20: Thevoltage, load voltage, and resonant current (i, )

Next chapter will discuss the detailed control desiand simulation results of multiple

DC/DC resonant converters connected to a grid.
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Chapter 3

Modeling and Simulation of DC/DC Resonant

Converter

This chapter contains details on modeling DC/D@masit converters, control system
design, and finally presents a number of differease studies to demonstrate the
different applications of DC/DC resonant convertéfee developed simplified model
can be used to conceptualize and construct a noon@lex system. The system modeling

also simplifies the analysis and design of a sswle DC grid.

3.1 Modeling

Chapter 2 presented a general overview of a DC/@&0mant converter. Figure 3.1

depicts the circuit under consideration in thisptea
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Figure 3.1: Thecircuit under consideration

The cascaded representation as shown in Figureis3.4uyitable for analysis and
modeling of full-bridge inverter and rectifier. Bhgection provides a detailed modeling

of DC/DC resonant converter and compares with #tailekd system.

3.1.1 Resonant Inverter Modeling

As discussed in section 2.2, if the quality faatba resonant circuit is high enough
and the switching frequency is close enough tordsmnant frequency, a full-bridge
inverter is capable of generating either a sinwoaditput current or a sinusoidal output
voltage, depending on the resonant circuit topalddyerefore, the entire inverter can be
replaced by a sinusoidal current source or a sidakovoltage source where the
magnitude of the fundamental component of the squave can be determined (2.23).
Therefore, the full-bridge inverter can be modetsd a combination of current and

voltage source where the DC component of the oupuient can be modeled as follows,

2
=

S

(t) = Sj ,sin(a,)d EIS1 (3.1)
5 T

Figure 3.2 depicts the equivalent circuit diagrdma &ull-bridge inverter.
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—>
i () = I ysin(ad)

;;Isl

A C) l (L Va(t) = 4\7/;‘: sin(e,t)

Figure 3.2: The switch network equivalent circuit of afull-bridgeinverter [17]

3.1.2 Resonant Rectifier Modeling

The full bridge rectifier and the output filter metrk are presented in Figure 3.3. The
output filter is assumed to be large enough to iakte the entire ripple passing through
the load. As shown in Figure 3.1, when a full-badgverter, a resonant circuit and a
full-bridge rectifier are cascaded, the input vo#iaof the rectifier is also a square wave
with a zero crossing in phase with the resonanvowt current where the magnitude of
its fundamental component can be determined bys)2Therefore, the input of rectifier
can be modeled as a sinusoidal voltage source aviffhase shift generated by the
resonant circuit. The DC load current, however, loametermined as the DC component

of the rectifier input current as follows,

Ts/2
2

(i), =T—j | e sin(eost - )|dt=7%IRlcosd (3.2)
0

S

ir(t) =1 RlSin(a)st - 5)
+

Vo(t) = 47\T/sin(a)st DI % |, COSS

Figure 3.3: The switched network equivalent circuit of a full-bridge rectifier
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3.1.3 Resonant Network Modeling

By removing the power electronic components andaoépg them by a voltage or

current source, the system can be reduced to ar leweuit as shown in Figure 3.4.

Transfer function

m
i (1) = 1 sin(at in(t) = Iy sin(et-0) |

2 | i +
' z |Resonant
v, ) — ~C 210 = RV
y Network @ P
vy (t) = %sin(wst) Ve(t) = %sin(a)st -9)

Figure 3.4: The simplified dc/dc resonant converter

The DC/DC resonant converter transfer functionakwated in (3.3) where H(s) is

the transfer function of the resonant circuit.

I AN
g e

3.2  Zero-Current Switching or Zero-Voltage Switching

As explained in Chapter 2 one of the advantageth®fresonant converter is the

reduced switching losses when the switching happ&astly at the resonant frequency.
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At &, =G, , the zero crossing of switching current occurshat same time as switches

are changing states. As a result, almost no ensriggt during switches changing states.
If the switching frequency occurs below the resaeafrequency, the input resonant
network current leads the voltage. Therefore, #re-zurrent switching (ZCS) occurs.

Zero-voltage switching (ZVS) happens when the dwilg frequency is above the
resonance frequency. The resonant network inpuedapce becomes more inductive.
The angle of input impedance becomes negative,hwinieans the input current lags the
input voltage. Therefore, the zero crossing of itiut voltage occurs before the zero
crossing of the current.

Soft switching at the ZVS can be implemented byciplg small capacitors across
each switching device, or introduce a delay betwaen off and turn on of each
sequence. The capacitor will be charged and digeldaby the current passing through
each leg of the full-bridge converter. Consequentie turn off transition becomes
almost lossless because no conduction will occuinguhe commutation interval. The
ZVS demonstrates a low switching loss and the dsideed charge losses and switches
output capacitance will be eliminated [17].

Erickson [17] proves that if the resonant netwaskpurely reactive, the boundary

between zero-current switching and zero-voltagetchivig occurs when the load

resistancéR equals to the critical vall,;, , given by

f_ Z.
Rcrit = ||ZOO|| Z:o (35)

Figure 3.5 shows the boundary between ZVS and Z®8.ZVS/ZCS boundary is

function ofZ,,andZ;,. If ZVS occurs at open circuit and at short citctiven ZVS
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occurs for all loads. If ZVS occurs at short citcaind ZCS occurs at open circuit, then

ZVS is obtained at matched load provided 1‘}73;” >HZOH [14].

fo f,
214
ZCS ZCS:R>Ry, NS
forallR | ZVS:R<Rui forall R
L, C < >
— TN —— f—— 1,1

Zi — Cp —_— Z0 &C, HZ,MH 1\ E || ||
2 : —lz
/>i§ 100
z Y

A

Figure 3.5: Theboundary between ZVSand ZCS[17]

ZVS mitigates the switching losses caused by diedevered charge and switching
devices output capacitances. Therefore, the ZVithigues must be implemented for the
applications where the switching losses and EMideee be minimized. On the other
hand, the ZCS techniques can also reduce the smgtébsses due to the tail current in

IGBTs [17].

3.3 DC/DC Resonant Converter Control System Design

As explained in Chapter 2, the phase shift corgpgroach is the most effective way
to control DC/DC resonant converters, and can baiodd by cascading phase controlled

full-bridge resonant inverter and rectifiers aswhan Figure 3.1. Figure 3.6 shows the
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power flow through the equivalent resonant netwofke complex power can be

expressed as follows,

S=vO =P+jQ (3.6)
where
\VEu
P=—sind
~ (3.7)
X

Figure 3.6: The power flow through an equivalent resonant network

Therefore, the amount of power transferred in fodvand reverse directions can be
controlled by the phase angle. The DC output veltegn also be regulated against load
current and line voltage variations by varying piftease shift while maintaining a fixed
operating frequency.

State space modeling approach is used next in ¢odeéesign and study the control

system for DC/DC resonant converters.

3.3.1  Analysis of Control Systems in State Space

Since the DC/DC resonant converters are non-lisgstems, linearization is necessary in

order to design a linear control system. The systquoations of Figure 3.1 are developed
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and converted into d-q frame. Appendix D explaims ¢I-g modeling of a single phase
system. The system state space is determined iergdp E as follows,
X=AX+BU (3.8)
Y =CI[X (3.9)
where,
Xis the state vector
Y is the output vector
U is the input or control vector
A'is the state matrix
B is the input matrix
C is the output matrix
The stated matrices for a 5kW, 1000V DC/DC resoranterter designed in Appendix

B are summarized in Table 3.1.

Table 3.1: The state space matricesfor a 5kW, 1000V DC/DC resonant converter

~0592 1534 -3433 O 0 0 ] ~42e3+ 3765
1534 9592 0 -3433 0 0 T 42633785
30%6 0  -3468 -1665 -157 O )= |7 1ATeA+]90e

A= — 147e4~ |90c4
0 3056 1665 -394 -145%6 O aseos | 7162
0 0 643 5962 0 —led g5e0- | 7162
0 0 0 0 2123 -85 R = 2500
" 27e6]
0
0
B=| | c=[o 0 0 00 1
0
L 0 _
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The eigenvalues of matri are the roots of the characteristic equation (3.10)
Al -A=0 (3.10)
The eigenvalues are determined when load variem fehort circuit to open

circuit, R,4:0 — . Figure 3.7 represents the root locus of DC/D@meast converter

under consideration.

The root locus characteristic

4 I I
O Eigenvalue 1
3r-1 U  Eigenvalue 2
% Eigenvalue 3
2F- Eigenvalue 4
*  Eigenvalue 5
Eigenvalue 6

-0.2 :
Re(s) 10e6

Figure 3.7: Theroot locus characteristic

All the eigenvalues of the system matr’k have negative real part, which

demonstrates the stability of the designed system.

A system is completely state controllable if ip@ssible to drive the system from any

initial state X(t,)to any final stateX(t,) in a finite time durationt, —t; by applying
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some input signal(t) [30]. A system is controllable if thEXNcontrollability matrix
(3.11) has full rank. Note that a matrix has falhk if its determinant is non-zero.
M.=[B AB ARB ... A™*B (3.11)

The designed system state controllability versasl leariation is presented in Figure
3.8. This means the designed system can be dnieendny initial state to any final state

in finite time duration.

State controllability vs. Rload

10e115

det(Mc)

Rload [ohm]

Figure 3.8: The state controllability vs. Rload

Moreover, a system is completely state observdbéyery state at timd,can be

determined by observing the system outpi(t) for finite time durationty <t<t, [30].

A system is observable if thdXNobservability matrix (3.12) has full rank.
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C
CIA
Mo =| CIA? (3.12)

The designed system state observability versus Veaidtion is presented in Figure
3.9. This means the designed system output carbbenged at timet, for finite time

duration except when the load3i8Q2 . An observer needs to be added to the control

system to achieve the observability criteria fét@ding conditions.

State observability vs. Rload

10e66

det(Mo)

0 60 80 100
Rload [ohm]

Figure 3.9: The state observability vs. Rload

3.3.2 Design of Control Systems

Figure 3.10 presents the unit step response of DBC/@sonant converter
whenR, ., =8kQ.
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Figure 3.10: The unit step response of DC/DC resonant converter

Ziegler-Nichols second method is used for tuningcétroller. In this approach a

proportional controller is developed as shown iguiFe 3.11.

Vi K Plant > d(phase shift

Figure 3.11: The proportional controller designed for Ziegler-Nichols second
method

The proportional gain was increased until the wstép response of the system
exhibits sustained oscillations for critical gal, and with oscillation period of?,.
Ogata [30] provides Ziegler-Nichols tuning rule fF controller based on critical gain

K and critical period?, as follows,
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Output Voltage [Volt]

K, = 045K, = 0005 (3.13)
1

T, =-—P, =12sec (3.14)
1.2
1
Ge(s) =K, Q1+—— 3.15
(=K, g1+ L] 3.15)

Figure 3.13 compares the step response of thersggbgystem in Figure 3.1 with the

closed loop control system shown in Figure 3.12.

+
2 4)@7 G.(9) Plant ——0

V

measured

Figure 3.12: Closed loop control system of designed system

The step response of the mathematical and the ladystem modeled in
PSCAD/EMTDC show close results as depicted in Egarl3(a) and 3.13(b), where
Figure 3.13(a) is the step response of the mathemhamhodel and Figure 3.13(b) is the

step response of the system modeled in PSCAD/EMTDC.
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I I | I I | |
| | | | | | |
| | | | | | I
1150 T e e e A 1150 R m -
| | | | | | |
| | | | | | |
1100 ‘ ‘ ‘ ‘ ‘ E1100 ‘ ‘
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Lo 2 l 1
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1050 e e e Bt e il ity 51050~ - ----—f------~ moo oo T
I I | | | | 2 | |
| | | | | | 2 | |
O A 3 | |
1000 i [ | | i [ O 1000pemmmmstemmnemteomat~ — — — — ~ ~ — T T T T T [
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Time [sec] Time [sec]
(a) (b)

Figure 3.13: Comparison the step response of the designed system in Figure 3.11
with the closed loop control system shown in Figure 3.12
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3.3.3  Droop Control

To allow parallel operation of DC units, the vokagrersus output current
characteristic of each unit has a droop, it meadscaease in voltage should accompany
an increase in output current as shown in Figutd(3). The voltage droop of the DC
unit is defined as the magnitude of the changedady-state voltage, when the output of
the unit is gradually reduced from one per-uniedaturrent to zero. Therefore, per-unit

voltage droop is simply the magnitude of the slap@lepicted in Figure 3.14(a) [1].

After supplementary control

A A -

V, Initial =~ . )
% Sope=-R
= VERN O
g v
O
> v,

0 L 0 — >

OUtpUt Current[A] rated [ 4o Idc = ot Al N

Figure 3.14: (a) Voltage versusoutput current characteristic, (b) before and after
load increase and supplementary control [1]

The voltage droop from Figure 3.14(a) can be datexchby,

R= V.-V

(3.16)

I rated

where,

V, =No load voltage in Volt

V., =Voltage at rated current in Volt
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l,...s= Rated current in Amp

Assume the DC unit is supplying output currépat V,, when the load is increased
tolyo+N 4, as shown in Figure 3.14(b), the voltage of thé@& decreases. Therefore,

more current is injected, and a new equilibriumuwsat a new voltage leWg|+AV. The

unit will maintain its new operating point untileérsupplementary control increases the

voltage to the desired valdg while providing the new output currdpt

3.4 EMT Simulation of Multiple DC/DC Resonant

Converter under different Case Studies

This section investigates the overall performanéedesigned DC/DC resonant

converter and the control system under two diffecaise studies.

3.4.1 A Variable Load Connected to DC Bus

A DC plant consisting of ten DC/DC resonant coteses each rated at 5kW are
connected in parallel to maximize the injected entrinto the DC bus rated at 1000V.
Figure 3.15 shows the described configuration. HAEWDC resonant converter block is
shown in Figure 3.1. Appendix B provides the dethitalculation and design of the

DC/DC resonant converter.
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dcBus(+) dcBus(-)

DC
.
DC |0Ut
P N=1 n
iabl
. LR
[ ] -
DC
.
DC
N =10

Figure 3.15: A DC plant connected to a variable load

Figure 3.16 depicts the output voltage acrosdahe and its variable current. Note
that the load change happens at a rate of 0.04goeind to mimic the load change in real
application. The variable resistive load is modebsl a variable current source in
PSCAD/EMTDC. At =03seg the load current changes from 0.5A to 5A and iema
constant until = 125secwhere the load current reduces to 1A. The contratiusted

the phase such that the DC bus voltage remaingartret 1000V.
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Figure 3.16: A DC busvoltage, current and phase shift

DC Plant Connected to the Grid through a Voltagaer&®

3.4.2

Converter

The designed DC plant cannot be connected to tidedgectly. The voltage-source

appropriate AC system. Figure 3.17 representsctimigiguration. VSC generates a 600V
- 42 -
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three phase AC voltages, standard in Canada, whsteps up to 12.47kV line-to-line,

60Hz AC source through a y-y connected transformer.

dcBus(+) dcBus(-)

DC
250/
DC Sroothing
reactor
T5KVA
_ 1mH I .
° N=1 oty d°+ —_ 058kV :1247kV
[ ] dc chopper[j Vi
° - avy 00010
D C 1626IZ§V\meftoflme
250/
DC Il
N =10

Figure3.17: A DC plant connected to a60Hz grid through a VSC

The power reference of VSC has changed from 50kW 30kW to demonstrate that
the power can flow in both directions. The negasign represents the direction of power
from DC to AC. The reference power changes at 2.@sea rate of 0.1 per second as

shown in Figure 3.18.

-43 -



T T
=== Refernce Power
Output Power

60 T

Power [kW]

4.5

Time [sec]

Figure 3.18: Power flow from AC to DC side

Figure 3.19 shows the total DC output current als voltage. Prior tio= 2seg

the current flowing to the DC sources while the D@ voltage remains constant at
980V. This feature of DC/DC resonant convertervaflaeplacing the voltage sources
with energy storage elements where it can be chargbkenever it is necessary.
Aftert = 3sec, the DC side supplies power to the AC side whilntaining the DC bus
voltage constant. Since the detailed model of V& RC/DC resonant converters were
used, it required a long time to complete the satioh with the desired simulation time
step. Chapter 4 will develop a mathematical modiehe system based on generic state
space averaging model, and will compare its resutts the detailed model as well as the

models developed in section 3.1.
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Figure 3.19: Thetotal DC output current and DC busvoltage
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Chapter 4

Generalized State Space Modeling of Resonant

Converters

Power electronic switches are usually operatedigtt frequency. Therefore, it is
necessary to use smaller simulation time stepsgtwban slow down the simulation to
achieve more accurate results. The simulation mme tan be more significant if the
multiple converters with detailed power electron@mponents are used. In addition, a
general pattern of the converter behavior is mamgoirtant than its fine switching details
in the development of power converter models. Tioeee this chapter introduces
generalized state space modeling, its applicatiothé¢ DC/DC resonant converter, and
finally demonstrates the time saving while compgrthe average model results with

detailed models.
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4.1 Theory of Generalized State Space Averaging

The characteristic switching operation of powercebmic converters leads to
periodic changes in the circuit configuration aresults in a non-linear dynamical
system. For each combination of the states of wi&clsing devices, a separate set of
equations is to be defined to describe the cir€iien that each switching state typically
lasts for a short period of time and is followed dyother state, the number of sets of
equations describing the dynamics of the circuitonees large and the successive
solution requires massive and time-consuming catmri [35].

In generalized state space averaging techniquenghesset of linear equations is
defined by taking a linear average of the separdeations for each switching
configuration of the circuit. Solution of power efnic circuits often reveals two
components of response: a DC components and angacgmponent which is due to
high frequency switching [35].

The generalize averaging method is developed basedhe assumption that
waveformx(t) can be approximated on the inter{tat T,t]with Fourier series

representation of (4.1),

Xt-T+s)= D (x(t)) "t (4.1)
k=12...

whereq, :2_I_—n ,sJ(0,T], and <X(t)>kare complex Fourier coefficients respectively [31].
The complex Fourier coefficients can also be deitegthas shown in (4.2).
17 |
(X), =2 [ X =T +9) "¢ T 9 (4.2)

0
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Certain properties of Fourier coefficient such #feckentiation with respect to time
(4.3) and convolution (4.4) are necessary to besidened to analyze and convert state

equations into complex form [31].

d d .
—(X(1)), =(—x(t)) — jkar(x(t 4.3
0, = 10) - haa(x), @3)
(xO), = 2%, Qy), (4.4)
Index zero indicates the DC component of a givemef@m while index one specifies
the fundamental component. The next section demaisstthe application of averaging

model to the resonant converters.

4.2  Application to Resonant Converters

Since the resonant converters are usually operatinggh switching frequency, a
small simulation time step is needed in order thiea® accurate results. Sanders [31]
introduced a much broader approach of state-sparaging which is more effective and
applicable to variety of circuits. This section yides detail mathematical modeling of

resonant converter as well as dynamic modeling®€V

4.2.1 Resonant Converter Average Model

The circuit presented in Figure 3.1 was used afexance to develop the KVL and
KCL equations. As explained earlier in Chaptemh2, dutput voltage of the inverter looks
like a square wave function with the frequency égjua the switching frequency.
Therefore, the voltage waveform can be shown madkieally as follow,

V, =V, [sign(sinat) (4.5)
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where \ is the magnitude of input voltage source sigd(x) function is defined as

(4.6).
1 x>0
sgn(x)=< 0 x=0 (4.6)
-1 x<0

As discussed in section 3.1.2, the input voltagehie rectifier is in phase with the

resonant tank inductor current and can be showallasvs,
Viesitir = Vour [SIGN (i Lr) (4.7)
Similarly, the rectifier output current can be nattatically shown as,
|ectifer = abs(i Lr) (4.8)

Equation (4.9) to (4.12) summarizes the mathemataesentation of system equations.

di 1 , 1 (i
d_li_:r :L_r(vd - RrILr ~Vor _Evout |3Ign(ILr)j (49)
% —ii 4.10
dt C - (410

dv 1(1 . \

out — _— | — — __out 4.11
at  C, [n as(i) Rioadj )
V, =V, Egn(sinawt) (4.12)

As shown in Chapter 3, some states of DC/DC redooanverter display purely
sinusoidal waveform, which contains only fundament@quency, or pure DC
components. Therefore, only index zero and onecansidered in order to determine a
generic state space average model. Appendix F gesvihe detailed mathematical

calculations.
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4.2.2 VSC Average Model

Peralta [32] proposed a dynamic average model witeBd's are not modeled and
behavior of VSC is presented by controlled voltage current sources. The magnitude
of voltage sources are controlled by VSC vectortrmbrsystems. Assuming a lossless
converter and from conservation of energy the pawethe AC side has to be equal to
the power on the DC side as shown in (4.13). Mogeovhe DC current can be

determined by (4.14) and injected as a currentcsolar the DC side.
Pac = inc (4.13)
Va [ia +Vb [Ib +Vc [Ic :Vdc “dc (4-14)

Figure 4.1 shows the controlled voltage and cursentce representation of VSC.

Figure4.1: The controlled voltage and current sourcerepresentation of VSC

4.3  Simulation of the System and Demonstration of

Time Saving

Two different cases are developed to demonstraeaticuracy and time saving of

average modeling.
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a. This case modeled the DC/DC resonant converteisasassed in Chapter 3 presented
in Figure 3.4, and VSC with the controlled voltasyed current source as shown in
Figure 4.1 and 4.2.

b. This case modeled the DC/DC resonant converter thithgeneralized state space
model developed in section 4.2.1, and VSC withdbetrolled voltage and current
source as shown in Figure 4.1 and 4.2.

The circuit presented in Figure 3.17 was considésethe average model study. The
simulation was run for 4 seconds. Table 4.1 taksléhe summary of operating system
used for the study.

Table4.1: Operating system specification

Windows edition Windows 7 Professional

Processor Intel(R) Core(TM) i7-2640M CPU at 2.80zGH

Installed memory (RAM) | 8.00 GB

System type 64-bit operating system

Table 4.2 compares the total simulation runtime atif three approaches. The
simulation runtime reduced drastically by using gyafized state space and dynamic
averaging model. Since the simulation runtime ohegalized state space averaging
model and dynamic averaging model is fairly clcs#er one approach can be used to
simplify the complex models. However, the complgxaf system will result in more
complex system of equations and will be time conagnand more difficult to generate
the mathematical model for such a system. Thergf@rdynamic averaging model is
simpler in terms of development and can be constiéor more complex systems. In

addition, the generalized state space averagingemsldows a dependency on the
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simulation time step. Increasing the simulation etiratep can result in numerical
inaccuracy for this approach. Therefore, the sitmaime step cannot be increased to a
very large number.

Table 4.2: The simulation runtime comparison

Runtime [hr:min:sec]| Simulation time stelp

Detailed model 01:02:43 2us
Dynamic averaging model 00:02:48 S50us
Generalized state space model 00:01:22 50 us

Figure 4.2 compares the results of all three amres at steady state. The AC current
and voltage waveforms in high voltage side of tH&CVare presented in Figure 4.2 (a)
and (b) respectively. The generalized state spadedgnamic averaging model results
are very close to the detailed model.

The DC bus voltage and current are shown in Figu2e(c) and (d) respectively.
Ignoring the varying component of the stated warrawhich is due to high frequency
switching of power electronic devices, the dynaamnd generalized state space averaging
model of are demonstrated a very close results.shinal difference is due to ignoring
the resistivity of IGBT and diode switches in dynamaveraging and generalized state
space models.

The reference voltage is generated by VSC conysiesn in order to control the
operation of switches. The results of dynamic ay@@ model and generalized state
space model are close to the detailed model regute high frequency component of

switching devices has been ignored.
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Chapter 5 presents the functionality and the \ea&ifon of designed DC/DC resonant

converter.
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Chapter 5

Design Verification and Testing

Two small scale DC/DC resonant converters are dedigind implemented as shown
in Figure 5.1. Appendix A contains design spectfmas and calculations of a 100W,

50V DC/DC resonant converters.

Lmtagg A S i i ’
sidefilter - BER N =,

Fullbr mg@&"@?ﬁi e PR ol T Pl SR Resonant
. 3 2 o At L Converter

“Resonant Circuit

High waltede::
Lsidefilter_/ e

Figure5.1: Two 100W, 50V DC/DC resonant convertersin parallel
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Multiple tests were performed to verify the desidri@C/DC resonant converters.
This chapter presents the verification test resahd compares with theoretical and

simulation results.

5.1 Demonstrate Bidirectional Operation of DC/DC

Resonant Converter

As discussed in Chapter 2 and 3, the DC/DC resooanterter is capable of
controlling power flow in both directions. The pawitow direction can be controlled by
adjusting the phase shift of the full-bridge reaetif A fixed25Q resistive load is
connected to the dc bus. A 25V power supply is eoted to the input of each DC/DC
resonant converter. Two DC/DC resonant convertegscannected in parallel to share
the load current and maintain the DC bus voltagB0t. Figure 5.2 shows the circuit
under verification.

dcBus(+) dcBus(-)

25V Vi

out
T+

25Q

out

DC
"ol
DC

Figure5.2: Two DC/DC resonant convertersin parallel arefeeding aresistive load
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Figure 5.3 and 5.4 show the dc bus voltage andtitput current of each DC/DC

resonant converter respectively. The DC bus voltagsins constant at 50V while each

converter shares the load current. Since the pswaplies are identical, the load current

has been shared equally between the power supplies.

[
Input voltage
dc bus voltage

e |

[A] sBejjon

10f - - -
0

0 0.01 0.02 0.03 0.04 0.05

Time [ms]

-0.05 -0.04 -0.03 -0.02 -0.01

Figure5.3: Input and DC busvoltage
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-0.05 -0.04 -0.03

Figure 5.4: The output current of each DC/DC resonant converter
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Figure 5.5 and 5.6 show the resonant circuit carrapasured across the series

capacitor and the full-bridge inverter output vgia As shown in section 2.4, the

resonant circuit is a good quality sinusoidal whiie full-bridge inverter output voltage

is a square wave. The efficiency of the system showFigure 5.2 is measured and

calculated as shown in (5.1). The designed DC/Df0omant converter demonstrates the

much higher efficiency than available DC/DC congestwith an efficiency of 80-88%

[27].

Current [A]

30

20

10

-10

-20

-30
-0.

= Poa _ AB6x198 _ o0
P, 2x254x 201

n

(5.1)
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Time [ms]

0.01 0.02 0.03 0.04

Figure5.5: Resonant circuit current (i, )
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Figure5.6: Thefull-bridge output voltage at 25.3kHz

The circuit shown in Figure 5.2 was modified to a@ersirate the direction of power

flow from DC bus to the resistive load as showirigure 5.7.

dcBus(+) dcBus(-)

DC
125Q %
DC

DC
125Q %
DC

Figure5.7: The power flowsfrom thedc busto theresistive loads

Figure 5.8 and 5.9 show the load voltage and tipaiticurrent of each DC/DC

resonant converter respectively. The voltage aaash load remains constant at 25V.
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Figure 5.8: Load voltage

5.2 Demonstrate Functionality of DC/DC Resonant

Converters with VSC and AC system

Real-Time Digital Simulator (RTDS) is a real-timevger system simulation tool. It
consists of custom software running on a PC andcdestl hardware that calculates and
generates the real-time signals. RTDS can be aded with the external electrical
equipment to simulate and test the functionalitgath electrical system.

In this test, an AC motor is running on a threegghbalanced AC voltage. An AC
motor drive is developed using a pulse-width motoa(PWM) technique by feeding a
DC bus into a VSC located in LabVolt system, whisha small scale unit of actual
equipment such as motors, power electronic systaeiriagads. The PWM control signals

were implemented in RTDS. The DC/DC resonant cdevas responsible to maintain
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the DC bus voltage at a fixed value throughoutdperation of AC motor. Figure 5.9

shows the circuit under consideration.

e A
: LabVolt :
i i
DC T i DC :
1
80V Cz Vo ‘H%@ i
DC = ' AC e i
] i 1
vy s }T\/l -2 |
: i Measure
IGBT V/F Control i Motor

signals = developed in RTDS Speed

Figure5.9: A DC/DC resonant converter isfeeding an AC motor through aVSC

The motor speed changes from 500rpm to 700rpm trp#@ to validate the
performance of the DC/DC resonant converter and ntfodor drive control system.
Figures 5.10 and 5.11 depict the DC bus voltage thadstator current throughout its

operation. The voltage remains at 160V even thahghmotor speed changes.
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160 MMMt e At /Al A o mis/Ae
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Figure5.10: The DC busvoltage
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Figure5.11: Thethree phase stator current

Figure 5.12 and 5.13 show the change in motor sp@edthe voltage-frequency

control response during the speed change.
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Figure5.12: (a) The motor speed change from 500r pm to 700r pm (b) the motor
speed changes from 700r pm to 400r pm
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Figure5.13: (a) The V/f control response when motor speed change from 500rpm to
700rpm (b) the V/f control response when motor speed changes from 700r pm to
400rpm

This experiment demonstrates the functionality aachpatibility of a DC/DC resonant

converter with AC system through a VSC.
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Chapter 6

Conclusions, Contributions and Recommendations

6.1 Conclusions and Contributions

The main objective of this research was to invastighe applicability of DC/DC
resonant converter in power system. This thesiestigated the functionality and
feasibility of resonant DC/DC conversion in the gowystem applications. In particular
the following items are observed:

» A series of literature surveys were performed tilecoinformation in regards
to DC/DC resonant converter. It was found that DC/@2sonant converters
had less switching losses due to operating undissatching techniques,
and required simpler control system.

* The design and PSCAD/EMTDC simulation took inteamt the special
requirements of a 600V AC grid connection. It waserved that the DC/DC

resonant converters are capable of transferringepanvboth directions, and
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6.2

demonstrated less losses compared to typical PW8ddoBC/DC converters.
DC/DC resonant converter also demonstrated coabiilly over various
ranges of resistive load. Therefore, it showed enstability during load
change when connected to the grid.

The thesis also developed two different circuitrageng techniques, dynamic
averaging model and generalized state space auagragodel, to verify the
computational efficiency of the new techniques docomplex system. The
average models were validated by comparing theapaese to the original
circuit. It was observed that the generalized siiace averaging model
shows dependency on the simulation time step teesthle defined system
differential equations. Increasing the simulatiame step can result in
numerical inaccuracy for this approach. Therefone, simulation time step
cannot be increased to a very large number. Thardimaveraging model
was determined to be sufficient enough for simplifythe larger systems.
Two DC/DC resonant converters were constructedtesteéd. It was observed
during the experiments that DC/DC resonant conkeiteuld operate in both

directions and was capable of interfacing with V&M@ AC system.

Recommendations for Future Work

The DC/DC resonant converter has proven that tagable of performing in the

power system industries. However, further researtththe system will be valuable. For

example, implementation and verification of a fediale DC/DC resonant converter can

provide the opportunity for replacing existing D@Dconverters with this new
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development. In addition, the interaction of DC/D&Sonant converter with existing DC
grid system and its performance during the DC orfA@t can provide in-depth analysis

of this new development.
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Appendix A

Design of 100 W, 50 V DC/DC Resonant Converter

This chapter contains design specifications andutations of a 100 W, 50V DC/DC

resonant converter. Formulas used in this chapeeoréginally developed in [3].
Design specificationy,, = 25V ,V, =50V ,15=0-2A
The maximum output power is,

P

O max

=V, | g,y = 50% 2 =100W (A.1)

The full load resistance of the converter is,
min :|—:—:25£2 (AZ)

Assuming that the total efficiency of the converigy = 90%, the maximum DC input

power can be calculated as,

P =2 ="""=11111W (A.3)
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And the maximum value of the DC input current cko de calculated as,
I = _max = 2777 = 444A (A.4)

The equivalent input resistance of the rectifieiulitioad can be determined as,

(N=05,7, =09€,Tps = = 002Q,Q, =146NnC Vg, =15V, f = 25300 Hz ) [33].

Sp

2n2 . 2fQ .V
R, = n nB”Rme (14_ 'ps * I + Sg Gpp J - (A.5)
tr

L min O max

_ m?05%25 (“ 002+ 002  2x25300x146x10°° x15

= 787Q
8x 098 25 100 J

The efficiency of the rectifier,,,

- My
7. = (A.6)
" 1+ I'os + Me + 2 ngVGS)p

P

Omax

L min

= 098 =5 = 0977
1+ 002+ 002 + 2x25300%146%x107° x15

25 10C

The voltage transfer function of the rectifier dmnfound as follow,

_ 22y,
Mug| = TRV (A7)
mil+ Mos lie + Qg Gp
min I:)Omalx
_ 242 % 098 176
002+ 002  2x25300x146x107° x15 '
05m 1+ +
25 100
The voltage transfer function of the converter,
V, 50
M, =2 =""=2 8
Ve (A
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Assumen = 05,7, =09¢,7, = 097 ,A=1,Q, =2and f, = 32.22kHz , by solving (A.9)

f
the normalized switching frequency can be calcdlatef— =0.7852and f = 253kHz .
0

M, = 8/7.2/71r (A.9)
nﬂz\/(1+ A)le—[fJ } +{1(f—f° A H
f, QL f, f1+A

The component values of the resonant circuit catebermined as follow,

— I%min — 787 —
L= = = 1944H - 20 Al
@Q,  2/rx3222(x 2 HH s (A-10)
- Q 2 _

C= = =126 A1l
@R, 2mx32220x 787 M (A-11)

c.=C [ﬁ1+%} =2C = 254F - 2T4F (A12)
C, =Cfi+ A) = 2C = 251F O TTEFPTIFEIY . 068F (A.13)
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Appendix B

Design of 5kW, 1000V DC/DC Resonant Converter

This chapter contains design specifications andutafions of a 5 kw, 1000 V DC/DC

resonant converter. Formulas used in this chapeeoréginally developed in [3].

Design specification¥,, = 250V ,V, =1000V ,1,=0-5A
The maximum output power is,

P

O max

=Vl gy = 1000 % 5 = 5KW (B.1)

The full load resistance of the converter is,
=—2 =""""=20 (BZ)

Assuming that the total efficiency of the converigy = 90%, the maximum DC input

power can be calculated as,
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Y (B.3)

| = 2 = 22202 220 (B.4)

The equivalent input resistance of the rectifieiulitioad can be determined as,

(n=025,77, = 098,r,s =1 = 00X2,Q, =146C, Vg, =15V, f = 25300 Hz ) [33]

Sop

- 7T2n8i7RLmin (1_'_ fos ¥ Mie ZngVGSpp J - (B.5)
tr

L min O max

_ r° 025%200 [1_'_ 002+ 002 + 2x25300%146x107° x15

= 15.74Q
8x 098 200 5000

The efficiency of the rectifier,,

_ Ty
Ne = (B.6)
" 1+ I'os + e + 2 ngVGSpp

P

Omax

L min

098 _
N 002+ 002+ 2x25300<146x10° x15
200 5000

1

098

The voltage transfer function of the rectifier dmnfound as follow,

_ 22y,
M| = oLV (B.7)
mil+ I‘Ds + rLF + Qg GSpp
min I:)Omax
_ 2,/2x 098 _ 353
-9
02574 1+ 002+ 0.02+ 2%x25300x146%x10° x15
200 5000

The voltage transfer function of the converter,
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=0=——""= B.8
V, 250 (B.8)

Assumen= 025,77, =098 n, = 097 ,A=1,Q, = 2and f, = 3222kHz, by solving

(B.9) the normalized switching frequency can be culated as

f
- =0.785Zandf = 25.3kHz .

0

M, = 8,7|2,7tr (B.9)
nan(hA)z[l_(fH [ m]
fy Q lf, fi1+A

The component values of the resonant circuit catebermined as follow,

— Rmin — 1574 _

L=—""= = 3887;H - 40Q |

WQ ~ 27mx32220:2 M~ 40 (B.10)
_ Q 2 B

€= = =06 _
R 2Tx32220¢ 1574 3 (B.11)
2 =c Eﬁ“ﬂ 2= 1208 - ok (8.12)
Cz =C [ﬁl+ A) =2C=126F O onfTensiomer Seqongey 0082F ©.13)
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Appendix C

Key Equations for LCC Resonant Network

This chapter summarizes the key equations develbggd?] in order to determine the

LCC resonant tank characteristic.

X, =al, - 011: )
_ 1
X, = . (C.2)
Zo = X (C-3)
Z, = (X +X,) (C.4)
X
H,(w) = ~ +"X (C.5)
XX,
Z(@) =5~ = X H. (@) (C.6)
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crit

Atf=f_

2 2
Output characteristic: (M) +(i) =1
a

Control characteristic: M =

%

a:”Hw(w)”:m
s p

_H. @R, _ R,
[Zeo (@] X

V I
M: OUt'J: outR)'Qe:i
Vin Vin R,

1 1
W, = —— W =
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(C.8)

(C.9)
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Appendix D

Single Phase d-q Transformation

The d-q transformation requires both real and imagi circuit. Although the
imaginary orthogonal circuit does not exist, it che constructed from the real
components by applyirgD " phase shift [6]. Figure D.1 shows the d-q referefname

where angléebis the rotating angle of the d-q frame and it ifirdl by,

H:Jt'a)(r)dr+¢ (D.1)

o(t)

>

FigureD.1: Thed-q referenceframe
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Single phase dq transformation:
Xg = X, codat + @)
X, =X, sin(at + ¢)
Rotating transformation matrix,

T { codat) sin(cut)}

—sin(at) codat)

_— {cos{wt) —sin(wt)}

|sin(at) codat)

Applying the rotating transformation matrix (D.2)ca(D.3),

PRt
FiRa
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Appendix E

State Space Representation

The system equation is developed based on Figlire 3.

di . 1
Vin = Lr (;lir + RrILr Ve, +HVCp (El)
1. dv, .
=1 r:C P 4 E.2
dvy,
i, =C —= E.3
L at (E.3)
V=L di, s
=L, — +V,, E.4
RN g " (E.4)
dvou Vou
f =G d - (E.5)
t R1oad

where [2],

lis the transformer tap ratio
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i the current drawn by the rectifier

2
Vi = 2 NV

Cpg

The system equations are converted into d-q frasimgyD.4) as follow,

0 w dl g 1
Vin = I-r -w 0 l Lrdg + Lr dt + er Lrdg +VCrdq +EVdeq (E6)

0 w
erq C :}vdeq deq + l Rdq (E7)

-w 0

=C, 0w C”’q E.8
erq -w 0 Crdq r ( . )

Flf Vo (E.9)
ﬂ Cpd Cpq .

5 di,
2 Ve =L, g Ve (E.10)
dv Vv
i =c, Moy Vou (E.11)
dt RIoad
di 4 1
L, —d;rd = ]—_[Vdc cosp —al 1 g =~ Rlg ~Veu — HVde (E.12a)
dl 1
Lr ﬁ = a“Lr I Lrd Rr I Lrg er nVCpq (E12b)
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c dVCpd 1

ot e T LVom T (E.13a)
Cp%:%hrq +aC Ve — g
(E.13b)
g = GCNgq +C, d\(/j_};d (E.14)
g = —@CVgq +C, d\;% (E.15)

I Rd:| 4 if |:Vde:|
=2 (E.16)
|:I Rq ]T\/V(:zpd +V(:2pq VCpq
2 7 ooz -, dis
7_T Cpd +VCpq - Lf E + Vou (E.17)

_out (E.18)

Combine (E.14), (E.15) and (E.16) with (E.12a)1@b), (E.13a) and (E.13b) to simplify

the state equations into the following,

dl 1 1 1 4
dl:[rd = (L . 1 j %_ RlLq _(C‘j—r _EJIqu _EVde +7_TVdc COS¢} (E.19a)

w’C

r

dy, 1 1 1
d::q — L . 1 %— Rr | Lrq + [O'Lr _EJI Lrd _HVCpq} (Elgb)
" WC

dt VE4 +V2

Cpq

Ve _ 1|1 4 Iy
Cpd — C_p{ﬁl'-’d — aC Ve, _I_T—chd} (E.20a)
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dVCpq - i{l | +awC V - il—fvcpq} (EZOb)
n T

Lr Cpd
dt CP ! " chpd +V(:2pq
di 12
d_tf = L_{I_T Czpd +VCqu _Vout} (E21)
f
el
f oad

The system operating point needs to be determimrayder to linearize the system of

equations around its operating point.

1 1 4
0= _Rr I Ld [CLL, B CdCr JI Lrg HVde + 7_TVdc COS¢ (EZB)
0=-RI, +la ——= |1, -1y (E.24)
- Rr Lrq r CLCr Lrd H Cpq '
1 4 i
0=—I Lrd anVCpq - Vde (E25)
n T \Népa +Veng
1 4 i
0=21, +aC Vg, — 21 v, (E.26)
n T VCZpd + VCqu

2
0= 7_T‘\[V(:2pd +V(:2pq ~ Vour (E27)

Y/

0=—_*-+i; (E.28)
oad
Vout

| = (E.29)
Road

2
Vout :]_-[- 'chpd +VC2pq (ESO)

Equations (E.23) to (E.30) are simplified to depetosystem of equation as follow,
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8n 1
|er = naC chq ?R—chd (E31)
load

8n 1
| g :FE o~ NAC Ve (E.32)
[naR,Cp+[aL,— ][ﬁalj - [2’; Rer [cd_r —ai':jmw:p+ﬂwcpd=74_[Vdccos¢(E-33)
8n R 1 1 1 )80 1 _
_[? R —[a}_, - . me{:p +Ej AV +(naR,Cp +(a)_r - i j?aj pd =0(E.34)
Define,
a=naRC +[ - JB8— 1 (E.25)
Rload
8h R 1 1
=— " —|aL - haC_ + = E.26
IB ”2 Rload [ f aErJ P+ n ( )
y =naC | (E.27)
8n 1
=— (E.28)
ﬂzRoad

The system operating points can be calculated!msvig

Vero :ﬁﬁz%vdc cosp, (E.29)
Voo :az%}%vdc co, (E.30)
| o= a” +§U 2y, coss, (E.31)

L1 Za+ ,Jf 4Vdccoa;b0 (E.32)
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(E.33)

= ! 8 1 V, cosp
° ﬂa’2+ﬁ2 ﬂz Rload « °
Trim [34] describes the linearization of function$ one variable and multivariable

functions around operating point can be determasetbllow,

f(x)= 1)+ I (=) (E.34)
dx X=C
~ of (Xl'XZ) of (lexz)
foux)= fled)r =222 (o )+ == (x, -d) (E-39)

The system of equations (E.19a) to (E.22) are tined using (E.34) and (E.35) around

the calculated operating points (E.29) to (E.33)pra@sented in (E.36) to (E.39).

ﬂVdc 005¢ ﬂVdc 005¢o - ﬂVdc Sin¢0
T /4 T

1‘1(<1>)=(Lr 1J:(Lr+wzlcj+(Lr+wzqu(¢_¢0) (E.36)

r

W’
2
f de’ Cpq) I Vde +VCzpq (E37)

2 Vde 0 2 VCpq 0

= de
2 2 2
an \/Vde ot VCpq 0 72L de ot VCpq 0

a1,
A (PRVARVARES - Ve, (E.38)
p de +VCpq
VdeO |
2
\/ Cpd0 +VCpq0
2
+| = 4 IfO + 4 IfOVdeO + 4 IfOVdeOVCpqO vV
Cpd Cpq
c, N2 2 C 6/2 2 )% c 6/2 2 )%
p Cpd0 +VCpq0 P \Vepdo +VCpqO P \Vepdo +VCpq0
4 I,V 4 PAVA 4 1, Vo, V2
+ f0¥CpdO _ f0YCpdO + f0YCpd0"YCpq0
c J 2 2 c 6,2 2 ﬂ c 6,2 2 ﬂ
p VdeO +VCpq0 P \Vepdo +VCpq0 P \Vepdo +VCpq0
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4 1,
f4(| #+Vopd ’VCpq) =" T > > Vewg (E.39)
p \/V Cpd +VCpq
__ 4 Vepao
N < 2 2 ¥
p \/VdeO +VCpqO

+| = 4 IfO + 4 IfOVCquO + 4 IfOVdeOVCpqO V

7€, NEy+Vi  TCp (2 2 Yol ", (2 2 Yo O

p Cpd0 ~ ¥'Cpqo p 6/de0 +VCpqO p 6/de0 +VCpqO
+ 4 I fOVCpqO _ 4 I fOVC3pq0 + 4 I fOVCpqOVCZde
2 2
mp Cpd0 +VCPq0 ]ﬁp (VCZde -i_vczpqo)}é mp 6/(32de -i-vczpqo)}é

By replacing (3.36) to (3.39) into (E.19a) to (B.2e state space representation of the

DC/DC resonant converter is determined as follow,

_Ier_
Iqu
X = Vop (E.40)
VCPq
I f
_Vout
Y=V, (E.41)
U =[¢] (E.42)
-—V,. sin
T dc ¢O
1
L +
o)
B= 0 (E.43)
0
0
0
— O -
c=[0o o 0 0 0 1] (E.44)
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-R a(:r
1 1
L+ L +
T WC, " WC,
w L
aC, -R
1 1
L+~ L +——
" WC el
! 0
n P
0 1
nC,
0 0
0 0

lfO

4

w+—

2

Vdeo

0

87 -

2
I fOVdeO

e m
P Vepao +Vengo

- 4+ 7
7cC \/\/272 c 6/2 2
p | Vepao Voo P Voo + Vo

4 l f OVde OVCpqO

)’

4
mp

- W

0 0
_1 0
1
L +——|Ch
(f afch
4 M 4 Vepao

V,

Cpq0

+— _ %  Vepdo
TC, /2 2 )% e \/\/272
P Vepdo +VCpq0 P 4/ Vepdo +VCpq0

4

2
fo 4 I f OVCpqO

Cpdo

+ — — R o
2 2 < 2 2 2 7C \/ﬁ
V. * VCpqO P 6/de 0 + VCpqO )9/ p VdeO + VCpqO

2 Vepqo

TR 0

0




Appendix F

DC/DC Resonant Converter Average Model

Sanders [31] proved the following mathematical reteghips,

1 x>0
sgn(x) =< 0 x=0 (F.1)
-1 x<0
(sign(x)), =0 (F.2)
(sign(x)), = 2 oI, (F.3)
T
_4
(abs(0), =] F4
(abs(x)), =0 (F.5)

Convert (4.9) to (4.12) into complex Form usingjand (4.4).

%<i|-f>k = _jkw<iLr>k +Li[<vd >k - Rr<iLr>k _<VCf>k _%<Vout Daign(iu )>kj (F.6)

r
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) 1.,
E<V6r>k =—jkafVe,), +€<|Lr>k (F.7)

o WVeu ) = ~ TRV ), + _(l<abs(|u)>k —i<vom>kJ (F.8)
where,
(i), =%+ %, (F.9)
(Vor), =%+ jX, (F.10)
(Vour ), = %5 + % (F.11)
Fork =0, the DC components
d, 1 .
a<|Lr>o = f (_ Rr<|Lr>0 _<VCr>0) (F.12)
d 1,
vk =C—r<l o (F.13)
& o= 8 - 2 (F.12)

Fork =1, the first harmonic:

d

a<iLr>l =-] w<iLr>1 +%(<Vd >1 - R<iLr>1 _<VCr>1 _%{<V0ut>1<8igr(iu )>o +<V0ut>o<8igr(i Lr)>1}j (F.15)
Gleh =T+ ), 10

L(vOut >lj (F.17)

oad

d . 1(1 .
E(Vout >1 =-] a)<vout >1 + C_(H<ab8(lu )>1 -

f

i =) e (= v R (), =

; Evouooe"“””j (F.18)
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. 1.
E<VCr>1 = _Ja<VCr>l +E<|Lr>l (Flg)

d . 1
dt< 0ut>1 = _Jdvout>1 _m<vout>l (FZO)
where,
¢ = tan‘l(ﬁJ (F.21)
Xl
d 1 2
P = wlX, +E(‘Rf D(i_XB_FT<V0ut>OCO$5j (F.22)
d 1 2 2 .
p X, = —wlX, +:(—7—Tvdc -R X, — X, _WT<V°“>OS'”¢} (F.23)
d 1
— =wlX, +—
th3 wLX, c X (F.24)
d 1
— = - +
o X, =—wlX, c X, (F.25)
g, = WX — (F.26)
dt X5 Cf Iaoad XS .
gy = —wWiX; - (F.27)
dt XG Cf I:qoad XG .
i () =(i,) &7 + (i), +(i.,),€“ =2x cod +(i, ), + 2%, sinat (F.28)

Vr (1) = (Vi ), €74 +(Vy ) + (Ve ), €' = 2% cosat +(V, ) +2x,sinat — (F.29)

Vo () = (Vou) €7 (Vo) (Vo) €' = 2XCOIUE +(V,,, ), + 2% SiNad  (F.30)
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