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Abstract

In the electric vehicle industry, the inclusion of a DC-DC converter between the
battery and the inverter has shown to improve the efficiency of the propulsion
system and reduce its size. Typically, a boost converter is used as DC-DC, which,
although is simple to implement, has high losses, low power density and gener-
ates high-frequency electromagnetic noise. This thesis proposes a new step-up and
step-down stage combined with the motor inverter that is able to increase effi-
ciency, operate in soft switching, provide galvanic isolation and operate in a wider
voltage range, optimizing the propulsion system significantly. The proposed topol-
ogy is analyzed and a design method is presented to meet the main automotive
requirements. Subsequently, the proposed converter is modeled in discrete time
and continuous time. With these models, a control for the stage is proposed. In
addition, a second control loop is added to improve the efficiency of the system.
All the results obtained throughout this thesis are validated experimentally by
means of two setups, agreeing previous theoretical and simulated results.
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Chapter 1

Introduction

In the wake of climate change and scandals such as diesel gate, governments have
encouraged a decrease in CO2 emissions. This includes promoting renewable en-
ergies and the use of electric cars. In the latter field, for example, the European
Union has set itself the target of having at least 30 million zero-emission cars
on the road by 2030 and a ban on the sale of new combustion-engine cars from
2035. As a result, vehicle manufacturers have been pushing for the rapid develop-
ment of electric vehicles, while conventional propulsion has been put on the back
burner. This boom in electric propulsion in the automotive sector in recent years
has boosted the use of power converters in vehicles. In today’s electric or hybrid
vehicle architectures, 3 voltage levels may be present: the high-voltage battery,
which is recharged via the electrical grid, the regenerative braking system or the
combustion engine. This battery provides power to the traction system and to
the 12 V low-voltage system with which most of the vehicle’s electronic systems
operate. In some cars there is also a 48 V voltage level responsible for systems such
as start-stop, regenerative braking energy storage, suspension height adjustment,
among others. Due to the large number of DC voltage levels that can coexist in the
same car and the search for elimination of additional batteries, DC-DC converters
have become indispensable.

The combustion engine, made up of thousands of parts and subject to compli-
ance with a very costly environmental directive that makes its amortization period
about 15 years, is replaced by an electric motor. Among the electric motors in the
electric vehicle sector, the permanent magnet synchronous, induction and switched
reluctance motors stand out. In [1,2], the following comparison is made between
them: The commutated reluctance motor, despite being the most economical, has
a low torque density, high noise and high torque ripple, which is the reason why it
is only used in very economical vehicles. The induction motor is still an economical
solution without noticeable torque vibrations, but, on the other hand, it has a low
efficiency rate which makes it unsuitable for a long mileage. Finally, the perma-
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nent magnet synchronous motor (PMSM), although being the most expensive due
to the need for rare earths, presents high efficiency, high torque density and low
torque ripple making it ideal for high performance electric cars.

One of the most used powertrain systems in electrical vehicles (EVs) is the
described by Figure 1.1

Battery PMSM
DC

L ac

Figure 1.1: Conventional powertrain system converter.

It can be seen that the high voltage battery faces directly the motor inverter.
As stated in [3|, regarding the number of components the system shown in Figure
1.1 may seem more convincing. However, regarding the performance, the system
of Figure 1.2 may prove to be superior.

Battery PMSM

DC DC
L
L DC AC

Figure 1.2: Conventional powertrain system with DC-DC converter.

In the system of Figure 1.1 the battery voltage range is very wide, so the inverter
is oversized to withstand the full battery voltage and the high currents that flow
when the battery is at a lower voltage due to discharge. Similar situation occurs
in certain hybrid vehicles where super capacitors are used. In [4], the Toyota’s
Hybrid System is presented, where a DC-DC is placed between the battery and
the motor. Thanks to this DC-DC inclusion, aside from reduce the power losses,
by keeping the same size and weight of the engine used in the old Toyota version
without DC-DC, the new engine power output is increased by approximately 1.5
times. The reasons of this improvement are explained in [5]. The motor back-
electromotive force (EMF) voltage of the PMSM is proportional to the rotational
speed. At high speeds, the induced voltage increases noticeable. If this voltage is
higher that the one provided by the inverter, which is limited by the battery voltage
level in Figure 1.1, it is impossible to control the current that flows to the engine,
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specially in discharged batteries that present lower voltages than nominal. This
situation in illustrated in Figure 1.3. The torque remains constant as the engine
speed w increases thanks to the inverter control. The induced voltage produced
by the motor is higher than the maximum voltage that the inverter can deliver
due to the limitation of the battery voltage at wp,s. From this point on, flux
weakening control (FWC) must be used to further increase the motor speed. So
the flux-weakening control of PMSM becomes a hotspot. In PMSMs, as described
in [6], the main basis of the FWC is to increase the negative direct axis current
and use armature reaction.

A

Constant torque II Flux weakening
I

Torque Inverter voltage

e

Wpase w

>

Figure 1.3: Torque versus revolutions.

Summarizing, the motor induced voltage is lowered by FWC. As a result of flux
weakening, the output torque for the same current is lower, so efficiency decreases
but driving at high rotations speeds is possible. In Figure 1.4, it is shown how
the maximum torque region can be extended in the high-speed region if a higher
voltage than the motor induced voltage is applied by the inverter.

A

Torque

Vi Vi 1%

V=V, =V

>
(4]

Figure 1.4: Torque versus revolutions at several bus voltages.

[7,8] describe how varying the inverter bus voltage using a DC-DC converter
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as in Figure 1.2 can improve system efficiency. The losses of the system, composed
by the inverter, DC-DC converter and the motor; depend on the bus voltage. Mo-
tor losses can be lowered if the current flowing through them are minimized. The
inverter and DC-DC converter losses are minimized if a lower voltage is used due
to reduction of the switching losses. If FWC appears because the inverter volt-
age is too low, currents will increase and the system efficiency will be reduced.
Therefore inverter voltage must be in the limit before FWC appears. That is, the
inverter voltage must be slight above the motor induction voltage which depends
on the motor conditions. Another interesting point for manufacturers is that the
introduction of DC-DC converter allows to decouple the optimum design of the
motor inverter and the engine from the optimum point of the battery pack. The
introduction of a DC-DC converter can also help to remove the need of an ex-
pensive multi-speed transmission while reaching the optimum efficiency and Noise
Vibration Harshness (NVH) of the electric powertrain.

The most common structure, used in the previous articles and also appearing
in many commercial vehicles such as the Toyota Prius, 9], is shown in Figure 1.5

AFATAE
| ﬁ 303

Figure 1.5: Conventional powertrain system with boost converter.

ip

Iy

As shown in Figure 1.1, the most utilized topology as DC-DC is the boost
converter operating in continuous conduction mode (CCM). The boost converter
is preferred and implemented by most OEMs as it is a well-known topology and
its simplicity stands out. When the converter has to operate under high duty
cycles, ie: reduced vy, and elevated vy, the semiconductors starts to suffer from
significant conduction losses. In addition, the switching devices operate under
hard-switching, which is translated into high voltage and current spikes causing
additional losses that limits the switching frequency and electrical noise. Thus,
the cooling system and the differential and common mode filters needs to be of
a larger size and weight. The inductor Lp that ensures CCM and withstand the
motor current results also in a large component. As previously commented, the bus
voltage must be proportional to the electromotive force, this being proportional to
the mechanical speed of rotation of the motor. Therefore, at low speeds a low bus
voltage must be used, which increases proportionally with increasing rotational
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speed. That means that in certain occasions the DC-DC converter must reduce v
to a value lower than vy,; instead of boosting it. In spite of increasing the DC-Link
voltage can bring advantages, it is inefficient at low-speed, low torque and/or low
power usage. In that case, a lower voltage would be more beneficial to increase the
efficiency. This is an inconvenient of the topology presented in Figure 1.5, which
cannot reduce v, below the battery voltage.

Based on that extra degree of freedom given by the regulated vy, the inverter
variable bus voltage, in [10], a Monte Carlo analysis is performed to generate a
look up table with the optimum values of the control variables for several operating
points. This task of voltage variation between the battery or fuel cell and the
motor inverter is performed by the DC-DC converter. Aside from adjust the output
battery voltage to the optimum bus voltage depending on the motor condition, the
DC-DC converter allows to use high voltage machines with lower voltage batteries.
Thus, the series-connected cells stack and its balancing system can be reduced.

DC-DC converters acting as interface between the battery and the three phase
inverter must present the following characteristics:

e High efficiency at maximum inverter peak power.
e Elevated power density.
e Low cost at high, medium and low power.

Based on previous requirements and seeking for an alternative to the conventional
boost powertrain system, in [11,12], several Z and Quasi-Z source inverters like
the shown in Figure 1.6 are compared.

Ly D Ly )
fﬂ QﬂE] QﬂE - PMSM

Iy

RWA

Figure 1.6: Quasi Z-Source Inverter for electric traction system.

In Z or Quasi Z voltage source proposals, low number of components, in par-
ticular semiconductors, is achieved, but the required Z-source capacitances and



UNIVERSITAT ROVIRA I VIRGILI
STEP UP AND DOWN CONVERTER COMBINED WITH MOTOR INVERTER FOR POWERTRAIN APPLICATIONS

Ivan Ruiz Erni

6 CHAPTER 1. INTRODUCTION

inductances are relatively large and must withstand large peak voltage and cur-
rents.

Other alternative which achieves very high efficiency at all battery and inverter
voltages is studied in [13]. A composite converter made of a buck converter in se-
ries with DC transformer parallelised with a boost converter is placed between the
battery and the inverter. These converters are partially activated or deactivated
depending on vehicle battery and motor status. Although high performance is
achieved for all loads and battery levels, the size and cost represents a main draw-
back since several semiconductors/ converters depending on the voltage levels or
loads are unused.

From security point of view, most vehicles today have a degree of reinforced
insulation between the grid and the battery, mainly affecting the on-board charger.
Some manufacturers, mainly french, propose to remove this degree of insulation,
while others propose to add one more between the battery and the engine, since
in case of impact, it has been seen that some contactors that isolate the engine
from the battery fail and the inverter box or the engine casing may be damaged
having high voltage levels. In previous solutions there is no galvanic insulation.
Recent years, the interest of the application of the non resonant dual active bridge
(DAB) for isolated DC-DC power conversion systems has been continuously grow-
ing |14, 15]. TIts easy soft-switching realization, bidirectional power transfer ca-
pability, and modular and symmetrical structure made it a good candidate in
automotive application [16-19|, fuel-cell and battery storage systems [20,21]| and
fuel-cell power-conditioning systems [22].

This dissertation proposes a topology that, in addition to achieve high power-
train system efficiency. It also provides with galvanic isolation, a reduced compo-
nents number, easy control and implementation. Moreover, comparing with the
conventional boost solution the electrical noise is minimized. These characteris-
tics are obtained combining two converters: a zero voltage switching (ZVS) step
up and down converter and a motor inverter, which are merged into one single
topology.

This thesis is organized as follows: Chapter 2 presents the proposed topology
including the description of the operation modes and the mathematical analysis
of its waveforms and the study of the losses. Also, a converter design procedure
is proposed with an example to match the requirements of the automotive sector
and ensure the ZVS condition. The experimental verification is also presented.
Further details of this chapter can be found in [23]. Chapter 3, which is based
on [24,25], presents the large-signal and small-signal modelling of the proposed
converter. It is important to mention that this thesis does not focus on the motor,
nor on the different modulations that the inverter can perform, as they have been
extensively studied. Using the above models, Chapter 4 proposes two controllers,



UNIVERSITAT ROVIRA I VIRGILI
STEP UP AND DOWN CONVERTER COMBINED WITH MOTOR INVERTER FOR POWERTRAIN APPLICATIONS
Ivan Ruiz Erni

one with each model, to regulate the DC bus. More information of this chapter
can be found in [24,25] An efficiency optimization method is proposed in Chapter
5, which is based on [25]. Finally, the conclusions are set out in the last chapter.
The thesis contains two annexes detailing the model used for the design of the
magnetic components and the basic modelling of a PMSM rotating the reference
frames of AC waveforms to obtain DC levels.
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Chapter 2

Combined converter

2.1 Converter introduction

As in Chapter 1 was mentioned, the converter proposed in this thesis pursues the
following objectives:

High efficiency at inverter maximum peak power.

e Elevated power density.

e Low cost at high, medium and low power.

e Isolation.

e Reduced electrical noise.

e Reduced number of components.

e Step up and down the bus voltage.

e Ability to transfer energy in both directions.

As a result of meeting the objectives, the topology shown in Figure 2.1 emerges:
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Phase C Phase B Phase A
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5 é

. Inverter

+ 0

Figure 2.1: Combined step up and down converter.

The converter is composed by the three phases (A,B,C) of the conventional
inverter that power the PMSM. This inverter contains six switches (Qg1, @Qs2,
Qs3, Qsa, Qss and Qgg) and the bus capacitor C,. To one branch of the inverter is
added the part of the converter responsible for raising and lowering the bus voltage
vp. This step up and down part, joined to phase C in Figure 2.1 consists of at least
two switches Qp; and () py, a small inductor L in charge of limit and regulate the
current and a transformer which aside of providing galvanic insulation, provides
with the nominal voltage gain N. In addition, DC blocking capacitors must be
allocated to avoid transformer saturation. These capacitors can be placed in split
form, as shown on the left side of the transformer Cp¢ p1 and Cpe p2, to facilitate
filtering or in series, as located on the secondary side of the transformer Cpe g.
As it can be seen in this case, phase C has to withstand a higher stress than the
rest of the phases, since a higher current flows through this phase, which allows
the bus voltage to be raised. The simplest option, keeping the chip area of all
semiconductors, could be to parallel semiconductors in the most stressed parts:
phase C and the step up and down part which also carries all the power. This
solution is the most commonly used. For example, in the conventional inverter
with boost converter solution shown in Figure 1.5, two or three transistors are
usually placed in parallel for each switch of the DC-DC and the use of a big boost
inductor results mandatory. Instead, the proposed topology allows the system to
be more balanced, so a step up and down stage is placed in each of the inverter
phases, resulting in the stage shown in Figure 2.2. In this way, the distribution of
currents is more balanced and the sizing of the system and its thermal distribution
is simpler. The bus voltage capacitor C}, is keep common to the three phases, so
the voltage ripple is reduced close to three times. This solution also allow the
activation or deactivation of each step and down stage depending on the power
level to maximize the efficiency.
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(o, I + i
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- (TDC§4=1251J Q%fJ

Inverter

Figure 2.2: Proposed converter placing one step up and down stage at each inverter
branch using half-bridge configuration.

The topology in Figure 2.1 is presented mainly to facilitate the reader’s under-
standing. Due to the existing current stress unbalance, it is only recommended for
simple low power applications where efficiency is not a major concern and cost is
a priority. The nominal gain between the battery voltage v, and the bus voltage
vy of the proposed topology is given by the transformer turns ratio N, where the
maximum efficiency point is located. The proposed stage can regulate around this
optimum working point, either by raising or lowering the voltage. As the voltage
regulation moves away from this optimum, the efficiency of the stage decreases. A
higher efficiency implementation of the topology is represented in Figure 2.3.

C o
0|
+ G
Vhat e
§2P2
__ C B B

Inverter

Figure 2.3: Proposed converter placing one step up and down stage at each inverter
branch using full-bridge configuration.
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This implementation allows operation over a wider range of input and output
voltages around the optimum points. The full-bridge implementation allows oper-
ation at two optimal points. The first optimum point is 2NV, but if one of the two
full-bridge branches keeps the lower switch turned on and the upper switch turned
off permanently as in Figure 2.4, the stage becomes a half-bridge and is equivalent
to the stage shown in Figure 2.2 with the optimal operating point N.

Phase C
Phase B
o Phase A PMSM
+ i
0| 1 s
+ [ ] . [ ] I ia
2 —Si _I + . + I + Vb——
G Cpcp Vr J Vs Cpcs _Eb
- [ vm
Or2| Qs
- lo ! !
Inverter

Figure 2.4: Proposed converter placing one step up and down stage at each inverter
branch using full bridge implementation and operating under half bridge condition.

In other words, the topology of Figure 2.3 can turn into the topology of Figure
2.2, being allow to switch between two optimum points: 2N and N. In such way
the main disadvantage of the boost converter when the elevation requirement is
high which reduces the efficiency drastically is avoided.

RMS current in the inverter stage semiconductors is slightly smaller, about
10% lower, since part of the power is transferred directly from the primary side
transistors to the motor. The other major advantage of the new proposal over
the conventional boost converter is the zero voltage switching on the step up and
down side. This reduces switching losses and electromagnetic noise.

2.2 Analysis

To facilitate understanding of the topology operation, only one phase, PhaseA,
of the 3 that make up the combined converter of Figure 2.3, is analyzed below.
This analysis is equivalent for each of the three phases that make up the converter.
Based on the state of the switches and the direction of the current flowing to the
motor, the operation of the converter can be classified into eight states, four when
1o 1s greater than zero and four when i, is negative. The waveforms during one
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switching period T, of the inductor current i, the primary side voltage v, and
the secondary side voltage vy for the four states when ¢, is positive are illustrated
in Figure 2.5. The duty cycle of the primary side voltage is named as d;, while the
duty cycle of the secondary side voltage is denoted as ds. The phase shift between
v, and v is marked as ¢.

Vs
>
Vp
_—
178 / \\ //>
il
Dl
o 9T
Ty R

I I 11 v

Figure 2.5: Combined converter waveforms.

In the first state, shown in Figure 2.6, Qp; and ()ps are activated, while () ps
and Q)ps are deactivated. This generates a positive voltage, +uvpq, at the first
terminal of inductance L, v,. On the other hand, on the secondary side, that
is the inverter side, the lower transistor (Jgo is activated, generating a negative
voltage —uv,/2 on the secondary side vs. This high voltage difference between
the terminals of the inductance generates a rapid increase in the current flowing
through it. At the beginning of the switching cycle, i, is negative, so the diodes
will start conducting until the channel of the MOSFET is fully on or ij reverses
polarity in case IGBT. In that state, part of the power is transferred directly from
the primary to the motor wingdings.
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Figure 2.6: Combined converter: State I.

In State II, shown in Figure 2.7, Qg2 turns off and Qg1 switch on, generating
a positive voltage +v,/2 on the secondary side vs. In that state, the voltage
difference between L terminals is relatively small, thus the current hardly varies.
Since (Jg1 is activated current flows in and out of (.

Figure 2.7: Combined converter: State II.

In Figure 2.8, p; and Q) py switch off while () ps and @) p3 turn on. When this
occurs, the voltage in the primary is reversed to —up,; causing a rapid drop in ip.
Similar to State I, once the transistors ()p; are turned off, current begins to flow
through the anti-parallel diodes of transistors ) ps and ) ps before they turn on.

(e,
+

Figure 2.8: Combined converter: State III.

State IV is shown in Figure 2.9 where v reverses to —v,/2. Due to the small
voltage difference across L, the slope of iy, is low.



UNIVERSITAT ROVIRA I VIRGILI

STEP UP AND DOWN CONVERTER COMBINED WITH MOTOR INVERTER FOR POWERTRAIN APPLICATIONS
Ivan Ruiz Erni

2.2. ANALYSIS 15

Figure 2.9: Combined converter: State IV.

During this states where 7, > 0, Cj is being discharged. Otherwise, when i,
becomes negative, the Cj is charged. This is illustrated in the following figures. It
can be seen that now, the phase current flows into Cj.

O—
+

Vgt ——

Vpqt ——

Figure 2.12: Combined converter: State VII.
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Figure 2.13: Combined converter: State VIII.

Figure 2.14 represents converter current and voltage waveforms. In PMSM
control, modulations vary the duty cycles of each of the three phase inverter legs.
As example, in sinusoidal and space vector pulse width modulations (SPWM and
SVPWM) described in [26] the maximum duty cycle is achieved when the phase
current is at its maximum value and the minimum duty cycle is when the current
is minimum. This is illustrated in Figure 2.14, where the current and voltage
waveforms of the main components are shown. In this picture, also are indicated
the previous defined States: I-VIII. (Qpy waveforms are equal to QQp3 and Q) p;
waveforms are equal to QQps. L,, represents the motor phase large inductance.
Figure 2.14 shows 3 points: Point 1 with high duty cycle, point 2 for medium duty
cycle and point 3 for low duty cycle where the current is minimal. It can be seen
that primary side transistors must block the battery voltage when they are turned
off and withstand the inductor current when they are turned on. It can be seen
that every time, in the three points, they turn on, the current cross the zero axis.
On the other hand, the secondary transistors, like conventional inverters, carry
the current going to the motor 7,, but the proposed topology also adds part of the
reflected current coming from the primary i, /N, which can increase or reduce the
total current flowing through them depending on the operating point. When Qg
and Qg1 are switched off they block, as in a common inverter, the bus voltage.
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Figure 2.14: Combined converter waveforms.
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2.2.1 Primary side current, 7,

In each of the four states appearing in a switching cycle, from 1 to 4 for positive
phase currents, or from 5 to 10 for negative phase currents, four slopes in the iy
waveform during T, can be distinguished:

miL,l 0<r S ¢Tsw

mi; 2 ¢Tsw <T S lesw

miL,S lesw <T S (d2 + ¢)Tsw
miL,4 (d2 + ¢)Tsw <T S Tsw

(2.1)

My, (T> -

where 7 =t — nT},,. These slopes depend on the voltage difference applied to the
terminals of L: v, — v,/N. First terminal voltage depends on v, and d;. Second
terminal voltage of L depends on vy, ds and N. The amplitude of v, results 2vp,;
and the maximum and minimum values depend on d;. Similarly with vy, where
the amplitude is v,/2 and the maximum and minimum values depend on dy. It is
important to note that the maximum and minimum values are determined by the
duty cycle because DC blocking capacitor exists. The four slopes, assuming that
¢ is between 0 and min(dy, 1 — ds), and d; < dy + ¢ can be calculated as:

dzvb + (2 — 2d1) vaat

iL,1 = 2.2
i1 N (2.2)
(dg — 1) Uy + (2 — 2d1) NUbat

R 2.

mi;r.2 LN ( 3)
—(1—-d N — 2dvp,
miL73 = ( 2) Ub[// 1Vbat (24)
d N — 2d vy,

miLa = 2/ 7 bt (2.5)

The instantaneous value of iy, (¢) can be obtained as the current at the beginning
of the switching cycle iy, (nTy,) added to the incremental term Ai(7):

’LL(t) = iL(nTsw) + AZL(T) (26)

The incremental term depends on the duration that each of the four slopes is
applied:

(1) 0<7 < Ty,

Aips(1) ¢Tew <7 < di Ty

Nips(1) diTgy <7 < (da+ ¢)Tsw
(1) (d2+ @)Tow <7 < Toy

AZ.LJ T
AiL(T) =

AiL,zL T
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where

AZ.LJ(T) =MmyL1T (28)

AZ.L,2 (T> - miL,l(stw + miL,2(T - (stw) (29>

Nips(t) = mip10Tsw + mipa(di — ¢)Tsy + mips(t — diTs,) (2.10)

Aip (1) = min 10T 5 + mir2(dy — &) Tsw+
+mip3(de + ¢ — di) T + mupa(T — (¢ + d2)Tsy,) (2.11)

Due the blocking capacitors placed in series at primary and secondary Cpe,
average current during one switching cycle is assumed to be zero at steady state.

In other words, to calculate iy, (nTy,) its necessary to make the average current
equal to zero along each switching period:

1 Tsw
ir(nTsw) + T Aip(7)dT = ip(nTew)+

sw JO

1 ¢Tsw d1Tsw
+ T / AZ'le(T)dT +/ AZ'LQ(T)dT—i‘
sw 0 T 'sw
(d2+¢)Tsw Tsw
"—/ AZ'L’g(T)dT—F/ A?;LA(T)dT =0 (212)
d1Tsw (d2+¢)Tsw

2.2.2 Output power, P,

Input power P; can be calculated as the current flowing through the inductor, i,
multiplied by the applied input voltage at the first inductor terminal v,, in such
way the absorbed energy from the battery is obtained.

1 [T 1
(P)r,, = T / vp(t)ig(t) dt = T (Ey+ By + E5+ Ey) (2.13)
sw JO sw
where
¢Tsw
= / 2Ubat — dl)ZL(T)) dr (214)
0
lesw
= / 2Ubat — dl)’iL(T) dr (215)
¢TSU)
d2+¢Tsw
:/ —2upqedyip (7) dT (2.16)
lesw
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TS’LU
E4 = / _2UbatdliL(T) dr (217)
d2+¢Tsw

Assuming high efficiency, it is possible to establish:
P, =P, (2.18)

Substituting (2.13) in (2.18), it is obtained:

((]52 — (2d1d2 + 2d1) ¢ - d1d22) Ubatvb+

P)p. =
< 0>Tsw Lfsz

((d12 + d1) dy — d12) Ubat Vb
L faN

(2.19)

(2.19) is the general way to obtain the output power of one phase, but in this
application, to simplify the control, it is assumed that d; = dy = d. Therefore,
(2.19) can be shortened:

(¢ + (—2d* + 2d) ¢) Vparvs

(2.20)

If previous equation is normalized to the maximum output power, P, can be

defined as:
P,

Po,max

P = (2.21)

Plotting (2.21), Figure 2.15 is obtained. It can be observed that maximum output
power is achieved with d = 0.5. As long as duty cycle deviates from its central
value, output power decreases. Lower ¢ values implies lower output power. If ¢
goes further than half the duty cycle, power transfer starts to decrease. Symmetri-
cal graph is obtained when ¢ takes negative values. If ¢ is negative, power transfer
direction reverses and power energy flows from the output bus to the battery. It is
important to note that P, refers to the power transferred through the transformer
to the output.



UNIVERSITAT ROVIRA I VIRGILI
STEP UP AND DOWN CONVERTER COMBINED WITH MOTOR INVERTER FOR POWERTRAIN APPLICATIONS
Ivan Ruiz Erni

2.2. ANALYSIS 21

1

0.8

0.6

0.4

0.2

Puom 0
-0.2

-0.4

-0.6

-0.8

0 005 0.1 0.15 0.2 025 03 035 04 045 05

¢

Figure 2.15: Normalized output power. Valid for 0 < ¢ < min(d,1 — d).

2.2.3 Efficiency

This section evaluates the power losses Py, to estimate the efficiency, which can

be written as:
n= E _ Pz - ]Dloss (222)
PP
The main elements that reduce the converter efficiency and are considered in this
analysis are:

e Primary side switching devices.

Secondary side switching devices.

Series inductor.

Transformer.

Blocking capacitors.

2.2.4 Switching devices

The switching devices Qp1, Qp2, Qp3, Qps, Qg1 and Qg9 contain two main sources
of losses: Conduction P,.,,s and switching losses P, .
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2.2.4.1 Conduction losses

Conduction losses of the primary side are only dominated by iy. i;, flows through
Qp1 and @), 3 when they are turned on, that is from 7 = 0 to 7 = d1T,. In case
of MOSFETS, to calculate the conduction losses the RMS current is required:

1 [T 1/2
[p,rms,O_dl = (T / 'éL(T)Q dT) (223)
sw J0O

By contrast, if IGBTs are employed the current average value must be calculated:

1 d1Tsw
Iy avg0 a1 = T / ir(7) dr (2.24)
0

sSw

Similary occurs to the other diagonal of the primary side switches that depends
solely on 7. The RMS current that flows through @),, and @), 4, when they are
conducting, from d; T}, to Ty, is:

1 Tsw 1/2
Ip,rms,dliT - <T /le iL(T)2 dT) (225)

The average current can be calculated as:

1 Tsw )
[p,rms,dl T = / ZL(’/') dr (226)
- Tw Jar,

On the other hand, the secondary transistors carry the primary current and the
current to the motor. For the transistor ()g; the RMS current can be calculated
from ¢T%, to (dy + @)1y, as:

1/2
1 (d2+¢)Tsw iL<T>
[s rms = — .a 2 d 2.27
rmess_in T(/¢ (-7 i) dr (2.27
The average current can be estimated as:
1 (d2+¢)Tsw ZL(T)
y J— = — o) d 2.28
rmsg_ds Tsw/qusw (==~ tia) d7 (2.28)

Qs2 conducts from (ds + @) T, till ¢Ts,. The RMS current for that period results:

1 Tsw y
/ (D 2 et
Tsw (d2+¢)Tsw N

T ?;L - 1/2
+/0 (% —ig)? dT)] (2.29)

[s,rms,dz o ¢ —
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And the average current is:

Liavgins 5 = LT ) dr o+ LT i)y dr )| (2.30
,avg,dagp ¢ Tsw ( (d2+¢)Tsw< N 0 ( N ) ( )

Finally, each MOSFET conduction losses P4 can be obtained multiplying the
squared RMS current by the MOSFET channel resistance Ry o,. In case IGBTs
the average current must be multiplied by the device saturation voltage vee sat-

2.2.4.2 Switching losses

Due to the existence of switching at high voltages and currents at a reasonably high
frequency, these losses have to be considered. Primary side transistors ()p; and
(@ po are designed to work under ZVS conditions at switch on, but hard switching
will appear at turn off. Due to that, turn on switching losses are considered
negligible. Since this work is focused on MOSFETs, the estimation of turn off
losses will be strongly conditioned by the MOSFET output capacitance C,;.

At the end of the switch off event, the voltage across Cigs, Vsw,coss Will rise till:

Linity

ty It
Usw,Coss(t ) = / T dt = (231)
d 0 Cosstf 20055

Where [;,; is the current value that circulates through the semiconductor at the
switch off moment and ¢ is the MOSFET current falling time that can be found
in the manufacturer datasheet. During switch off, the MOSFET current, isw,c,..,
goes down:
t
LSW,Coss = Lini (1 - —) (2.32)
ty
If a linear charging,/ discharging process is considered, the switching losses at
turn off caused by ¢ty > 0 are:

1

L ImiQ.fswth
Tsw

Vi (2.33)

ty
Psw,css (Lini) = / VSW,Coss LSW,Coss AT =
0

Since Cygs is voltage dependent, non linear charge equivalent capacitance Cogs ¢4
during voltage transition form 0 V to v, can be used and it is defined as:

Jo 7 Coss(v) dv

0

C(oss,eq (Ubat) = (234)

Voat

According to (2.33), a higher value of C,s will reduce the losses. As C,gq
increases, the voltage slope falls-down, causing a decrease in the losses. On the
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negative side, the higher the capacitance is, the more dead time or current I;,;
is required to charge or discharge the capacities. In other words, more energy is
needed to ensure the capacity charge/discharge. If this is not available during
switching, the ZVS condition may be lost.

Qp1 and Qpy switch off at t = diT,:

PSW7003371 - PSVVyCoss (‘[’”u - ZL<d1T5w)) (235)

The other transistor pair, Q@ p; and Q) py, switch off at ¢t = Tj,,:

PSVVvCoss;Q = PSWycoss (Ilnl = /LL(TS'LU)) (236)

The inverter side semiconductors Qg1 and Qg2 work in hard switching condi-
tions. Each time one inverter branch commutes its voltage one transistor switch
on while the other one switch off.

1 1
PSW,Hard(Iini) = §Ubjini(tri + tfv)fsw + §'Ub]ini(t7‘fu + tfi)fsw (237)

Parameters ¢,;, t7.,, ty, ty; refer to current rise time, voltage fall time, voltage
rise time and current fall time respectively. Two hard switching events occurs
along T,, substituting I;,; in equation (2.37) results:

Z.L(¢T1sw)

Psw trarda) = Psw,mard(Iini = N —ig) (2.38)
ir((de + &) Tgy )
PSW,HaT’d,Z = PSW,Hard(Iini = L(( 2 N¢) ) - Za) (239)

2.3 Capacitors

Assuming that DC blocking capacitors Cpc p1, Cpe,p2 and Cpes The capacitor
losses P. can be calculated as:

‘[ rms ?
P = RCDC,PIS,TmS + RCDc,slg,rms = RC’DC,P]irms + RCDC,S ( p:N ) (2'4())

where [, can be calculated as:

1 Tow 1/2
o = [ 7 /0 in(r)? dr (2.41)

Parameters Ro,., and Rc,. 4 can be extracted from capacitor manufacturers
datasheets
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2.4 Magnetics

Tight design of the magnetic components is necessary to obtain the desired power
density and efficiency ratio. Equation (2.19) shows the inversely proportional
relationship between the switching frequency and the inductance value required
for the same output power. A higher switching frequency will require a lower
inductance value and viceversa. For the same frequency / inductance ratio, it
is possible to choose a high inductance volume to lower inductance losses, or a
smaller inductance size which reduces efficiency but increases power density. The
main losses that exist in the magnetic components are core losses and winding
losses.

Regarding the core losses, the most known method is the Steinmetz model
[27]. This method is based on empirical constants, which depend on the switching
frequency:

Pcore - kf@BB (242)

Constants k, o and [ are obtained experimentally applying small sinusoidal signals
at multiple frequencies. Since the current waveforms that flow through L are more
similar to a trapezoidal shape and the waveform flowing through the magnetizing
inductance of the transformer is triangular, the Improved Generalized Steinmetz
Equation detailed in [28] allows to accurate predict the ferrite core loss with non-
sinusoidal waveforms using Steinmetz parameters.

1 Tsw
Pcore = 5 k
To /0 '
k

ki = = (2.44)
2me=L [T | cos 0] sin §|F—db

dB
o B(t)P~dt v (2.43)

being

B represents the magnetic flux density and v is the volume of the core. Constants
k, o and [ are the Steinmetz parameters which can be obtained from core material
manufacturers. Flux density across L, By, is proportional to ¢y:

By (t) = Lﬁ:) (2.45)

being A, is the effective core area and n is the inductor number of turns. The
transformer flux By depends on the voltage applied to the magnetizing inductance
Ly,ag:

Br(t) = —— / Ub—]E:)dt (2.46)
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being n, the number of turns at the primary. Since the voltage applied to Lj,qq4
is vg, which is a square waveform, according to (2.46), By becomes a triangular
shape.

Winding losses can be separated in two types, low and high frequency losses,
according to Pouillet law [29], low frequency losses can be modeled by the resistance
Rdci

(2.47)

where M is the mean coil length of a turn around the used core. Resistance R,.
is used to characterize the high frequency losses caused in the windings. Two
main effects occur, the skin effect and the proximity effect. In the skin effect, the
current flowing through the conductor induces eddy currents in the wire itself. This
results in a decrease in the current flowing through the center of the conductor.
As a result, the current is distributed on the outside, decreasing the effective area
of the conductor. The effect is emphasised with increasing frequency. In [30] the
penetration depth ¢ is described as:

_ /P
0= ﬂ—fsw,uo (248)

This parameter indicates the depth measured from the surface of the conductor
through which current flows. Figure 2.16 shows how the increase in frequency
causes a decrease in the penetration depth for a conductor with diameter d.
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Figure 2.16: Skin effect: J[ﬁ} — d = lmm.

For this reason, in order to ensure that the entire cable conducts current, it is
recommended to use conductors that satisfy at least:

d <25 (2.49)

Consequently, at high frequencies where d has to be small and a large cable cross-
section is required, it is necessary to use multi-stranded conductors.

The proximity effect, like the skin effect, is caused by high-frequency alternating
current. In this effect, unlike the previous one, Eddy currents are induced by other
conductors instead of being the conductor itself the generator of these currents.
The existence of an external field from a nearby conductor acts as a source of
energy that is dissipated in the cable. It induces a current whose net value is zero,
but generates losses. Figure 2.17 illustrates the increase of this phenomenon due
to the rise of the excitation frequency of the external field.
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Figure 2.17: Proximity effect: J[ﬁ} — d = lmm.

In [31], an analytical expression of R,. based on Dowell’s method that considers
skin and proximity effects is presented:

(15N, )2dS
Rac = Rdc (1 + W (2.50)

being b the windings window height, ng the strands number and N,, the winding

turns number. Constant pg is the free space permeability and constant p is the
conductor resistivity.

Finally, winding losses can be obtained as:

Pwinding,h = [%,77»m57hRac,h (251)

Sub-index h makes reference to the harmonic. If the current signal contains several
relevant high order harmonics, they must be taken into account. Also, if several
windings appear on the same magnetic component, as in a transformer, losses in
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each winding needs to be included. Both magnetic components, L and transformer,
must be considered in the magnetic losses:

Pmag = L core,L + Pwindings,L + Pcore,T + Pwindings,T (252)
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2.5 Zero voltage switching

Primary side semiconductors must operate under ZVS condition to avoid extra
losses and EMI issues. In order to guarantee that condition, switches must be
turned on during anti-parallel diodes conduction time. Moreover, external MOS-
FETs parallel capacities C,s, must be charge-discharged before current changes
direction. As described in [32], to achieve ZVS in primary side full-bridge, stored
energy in inductor L must be large enough to discharge / charge the four parallel
capacities Cpgs ¢q- Figure 2.18 shows the three ZVS transition steps for the primary
side bridge.

O
o, + .
| + | + i + C Coposs
+ ng' s ng, oss i eq,0s. s,_ — A eq,08 .&,_ —
Viat 0V OoPI o3
oPI 3 H L iL
i ¢ \ 4
i Viar | m—— LYY
Vba [ —— prmsmmmmsmmme e nenad bat
H + A
ng oss, E v Ceq, 0s, Ceq,o.\'.x‘,
o5 P e —— =
or2 i or4 Véat opP2 or4
v M
o : o -
QPI, QP4= OFF QPI1, QP4= OFF
QP3, OP2= ON OP3, QP2= OFF
(a) (b)
C a
| + I +
+ Cﬂq,o S8, Ceq,oxs,
op1 oV op3 == Vbat
L
e LYY ¢
Vbal —— .
+ + i
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eq,0ss, Voar eqoss 0 VE
opP2 P4 i
_ | ) | v
O _
QOPI, QP4=0ON
0OP3, QP2= OFF

(c)

Figure 2.18: Parallel output MOSFET equivalent capacitance charge during ZVS
transition event. (2.18a) before transition occurs. (2.18b) during ZVS transition.
(2.18c) ZVS transition is completed.

Figure 2.18a shows the first state, in the instant when switching event starts.
Current flows through MOSFETs ) p» and () p3 maintaining its external capacities
discharged. Stored energy is at the inductor L and at the capacities of the two
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turned off MOSFETS, Cogs eq,0p1 and Cogs eq,0pa Which are charged at vy, Initial
instant transition energy, just before all transistors are switched off, can be written
as:

1 1

Einitial = iLi%,sw + §(Coss,eq,QP1 + Coss,eq,QP4)vgat (253>

where iy, represents the current through L and conducting MOSFETs at the
switching instant. When all transistors are turned off during dead time #4044, situ-
ation depicted in Figure 2.18b arises. MOSFETSs are turned off and i, starts to flow
through Q) p and @) p3 intrinsic body diodes discharging Coss eq.0p1 and Coss eq.op4-
At same time, Cosseq.0r2 and Cogseq.op3 are being charged till they reach vpg.
During this process, Coss.eq.op1 and Coss eq.opa stored energy is transferred to the
source or load.

1

Edelivered - §(Ooss,eq,QP1 + Cass,eq,QPZ + Coss,eq,QPS + Coss,eq,QPZl)Ugat (254>

Transition is completed when () p; and () p3 are activated, as shown in Figure 2.18c.
If ZVS transition is successfully completed, Q) p; and @) ps parallel capacitances are
discharged when respective MOSFETs gates are activated. In order to ensure ZVS,
MOSFETs must be turned on before current cross zero, so final energy is:

1
Efinal = §<Coss,eq,QP2 + Coss,eq,QPB)”l?at (255>

Given previous states ZVS boundary condition results:
Einitial > Edelivered + Efinal (256>

Substituting equations (2.53),(2.54) and (2.55) into equation (2.56), assuming are
MOSFETs capacities are equal and solving for iy g, results:

2
4005576‘1Ubat

; (2.57)

‘iL,sw‘ >

As it can be seen in Figure 2.19, two switching events exists during T}, at primary
side. The switching event must be completed while the diodes conducts, that is
during t,; and 9.
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Figure 2.19: ZVS switching instants for primary side devices and ZVS available
time.

According to the current sign of iy, in Figure 2.19 and the condition of (2.57),
the two ZVS limits can be obtained:

2
4005575qvbat

L (2.58)

iL,swl = iL(T = 0) < —
4czw8£qvin
L

Rewriting previous equations in terms of ¢ the ZVS conditions for the two diago-
nals of the full bridge are obtained:

\/Z ((d d) Vp + (2d — 2d2 vaat 4\/ 0ss eqL fszUbat
Qd\/z Up

VI (2 = d) vy + (2d — 2d2) N vpa1) — 4v/Coss.ecals fswN Vbar
(4d — 4) VLN vpay
C,ss value must be considered when selecting primary side semiconductors. Higher
C\ss values reduces turn off losses but requires more discharging/ charging time to
achieve ZVS. Primary side semiconductors switching instants are shown in Figure
2.19. When first instant named as t4,1 occurs, ()py and ()ps are turned oftf and
body diodes from @)p; and (Qpy start to conduct. Transistors must be switched
on when anti-parallel diodes are conducting, which means before current crosses
zero, so equations (2.58) and (2.59) must be satisfied. This available time to turn

ipswe = 10(T = diTsw) > (2.59)

¢ > -

(2.60)

¢ > (2.61)
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on transistors is defined in Figure 2.19 as t,;. That implies that required dead
time t4 must be less than t,; Equivalent situation occurs for t,,,. In addition,
condition described in equation (2.57), where iy 4, needs to be large enough to
discharge capacities, must be satisfied. Minimum required ideal dead time with
no stray capacitance considered can be obtained:

4Coss,eqvbat

UL sw

tdead > (262)

The inverter or secondary side semiconductors Qg1 and (Qgo are designed to
work under hard switching events, so there is no ZVS boundary requirement.

2.6 Design procedure

2.6.1 Introduction

The chassis dynamo-meter driving schedules and shift schedules used by the Envi-
ronmental Protection Agency (EPA) for vehicle emissions and fuel economy test-
ing can be found in [33]. To meet efficiently the EPA’s driving schedules a design
methodology is presented in this section. Three different drive schedules are de-
fined by EPA: Urban Dynamometer Drive Schedule (UDDS) and New York City
Cycle (NYCC), shown in Figure 2.20, that features low speed stop-and-go traffic
environment, the Highway Fuel Economy Test (HWFET), shown in Figure 2.21,
represents highway driving conditions and the US06 cycle, shown in Figure 2.22,
based on high acceleration aggressive driving schedule that is often identified as
the "Supplemental FTP" driving schedule.

EPA Urban Dynamometer Driving Schedule

Length 1369 seconds - Distance = 7.45 miles - Average Speed = 19.59 mph

Yehicle Speed, mph
T I S |
a o o o
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Test Time, secs

Figure 2.20: Dynamometer Drive Schedules: UDDS.
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EPA Highway Fuel Economy Test Driving Schedule

Length 785 seconds - Distance = 10.26 miles - Average Speed = 423 mph
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Figure 2.21: Dynamometer Drive Schedules: HWFET.

USso6 or Supplemental FTP Driving Schedule

Sample Period = 596 seconds - Distance = 8.01 miles - Average Speed = 48 37
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Figure 2.22: Dynamometer Drive Schedules: US06.

According to [34], the urban cycle is characterized by low speeds. So low ws,
which implies the use of low dc bus voltages. Although moderated torque may
be required, since the speed is relatively small, low power must be provided by
the inverter. The highway driving style is distinguished by high motor speeds
and normal torque due to the constant speed. This is translated into a high bus
voltage and medium power. The aggressive driving style is known for its abrupt
accelerations, including at high speeds. These accelerations at high or moderate
speeds can also occur in situations of overtaking or merging onto a highway. In
order to meet these situations the inverter has to deliver its peak power at high
voltages. Summarizing, maximum output power occurs at higher bus voltages and
low output power exists at lower bus voltages.



UNIVERSITAT ROVIRA I VIRGILI
STEP UP AND DOWN CONVERTER COMBINED WITH MOTOR INVERTER FOR POWERTRAIN APPLICATIONS
Ivan Ruiz Erni

2.6. DESIGN PROCEDURE 35

2.6.2 Operating modes

To meet all the voltage range efficiently, the full-bridge configuration shown in
Figure 2.3 can be implemented for high output voltages and switch to half-bridge
configuration when low output voltages are required. As shown in Figure 2.4,
toggling between full-bridge and half-bridge configurations with the same hardware
can be done by maintaining enabled )p4 and @) ps disabled. As named previously
at the beginning of this section, the maximum converter efficiency is achieved
when it operates close to its nominal voltage gain provided by the transformer
turns ratio N for half-bridge or 2N for full-bridge. Half-bridge and full-bridge
operation modes are defined in Figure 2.23 and converter may switch into one
mode or the other depending on the desired bus voltage and the existing battery
voltage. As it is illustrated, for high bus voltages full bridge mode is preferred
while for low bus voltages the half bridge mode is selected.

Vb, max
2N Vhbat max
Full-bridge
mode
2N Vbat min
Vbat (Vb,mi nt Vb,max)/ 2
N Vbat, max
Half-bridge
mode
N Vbat min
Vb,mi n

Figure 2.23: Operation modes.

The transitions between bridge and half-bridge mode can give rise to small
over-currents in the primary side. In a vehicle, these transitions with the vehicle
running would occur very rarely, since it rely mainly on the state of the battery and
the driving behavior depending on the type of road. The soft transition switching
pattern shown in Figure 2.24 can be implemented.
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HB transition

v

on N0 n0nn.,
0r 10110 000,
0 1100 .y
o OO0 | 00000 D .

Figure 2.24: Transition pattern from full bridge to half bridge.

When the command to convert from FB to HB is received, the primary transis-
tors stop switching. Transistor Q4 continues to switch with small pulses that allow
the series capacitor to charge in a controlled manner to the new blocking voltage
avoiding current spikes. After a series of pulses on Q4, it remains permanently
activated. Is important to underline that this type of transitions, which are not
the objective of this thesis, have been studied in previous works such as, [35], to
make them smoothly and avoid oscillations.

2.6.3 Procedure

Proposed design procedure is collected by Figure 2.25. To cover the range defined
Figure 2.23 in an efficient way, the converter natural gain N must be placed in the
middle of the isosceles trapezoid and can be calculated as:

N — (Ub,min + Ub,maac)/2 + Ub,min

Vbat,min + Ubat,maz

(2.63)

Once N is obtained, if the step up and down stage is to be added to an existing
or independently designed inverter, the same switching frequency selected for the
inverter-motor unit must be used. The inverter can operate with a modulation
index from 0 to 1, which may involve extremal duty cycles. As shown in Figure
2.15, instantaneous minimum output power by the step and down part is delivered
at dyin OF dyae duty cycles values. This means that when one phase of the inverter
is operating at duty cycles lower or higher than d,,;, or d,,.. respectively, the step
up and down stage of that phase will not be able to deliver the instantaneous power
needed to maintain the bus voltage. When this occurs, the other two phases
operate around d=0.5 and can supply the power needed, allowing the use of a
small value capacitor. As a design criteria, d,,;, and d,,,, define the range of duty
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Figure 2.25: Design procedure diagram.

cycles where a maximum power can be supplied by one individual phase. It is
important to remark that for values closer to d=0.5, the stage would instantly be
able to deliver more instantaneous power than nominal power and maintain wvy.
Selecting maximum and minimum cycles close to 0.5 (i.e., dyae=0.6, dpin =0.4)
will increase vy, ripple, while very extreme values will increase losses (i.e., e =0.9,
dpmin =0.1). It is therefore recommended to use an intermediate term: d,,q,=0.8,
dpmin=0.2. Variables d,,qz, dmin are used to adjust the value of L, not to limit
the inverter duty cycle. Consequently, inductance L must be selected to provide
required maximum power at critical condition: minimum duty cycle and minimum
battery level. It can be calculated rewriting equation (2.20) and substituting ¢ by
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pmin(1 = dpmin), where according to (2.20), the maximum output power is given:
d4 2

3
min 2dm@n + dm@n) Ubat,minUb,min

<P0>Tsw fsz

The DC blocking capacitors Cpc p and Cpe,s, as in typical DC-DC converters,
should be chosen appropriately so they are not too small to cause a large voltage
drop across the voltage square waveforms, v, and v, under steady-state operating
condition and not to large to avoid affecting transient behavior. For full-bridge
implementation, the minimum value of Cpc p and Cpc s can be obtained by:

;|

(2.64)

P,d
C = S 2.65
per ’Ubat,minfswvdrop ( )
Podmax
Cpe,s = (2.66)

Vbat,min fswvdropN
where vg,, represents the allowed voltage drop of the square waveforms. It is
recommended to be between 5 and 10% of vy, or vy,. In case half-bridge is imple-
mented, obtained capacitors values using (2.65) and (2.66) must be multiplied by
2.

Averaged phase angle, which is the control signal, during one motor sinusoidal
current cycle (¢)7,, must be calculated to obtain, in simply and relatively accurate
way, the averaged losses. (¢)r,, is obtained from equation (2.20):

<¢>Tm = (davg - dang) +
\/(davg4 - 2dav93 + davg2) Upat Vb — L <Po>Tsw fsz
vV Ubat\/v_b

where dg,, is the average duty cycle value over a quarter of a motor phase current
sinusoidal cycle. Then, P, and currents are calculated substituting d,,, and
(¢)1,, in equations given in subsection 2.2.3. ZVS conditions in equations (2.58)
and (2.59) must be checked. If they are not satisfied, lower L value should be
selected or (P,)r,, must be limited when duty cycle is at extreme values. Given
that situation, at least one stage per inverter branch is required. When one phase
is at extreme duty cycle, another phase will be close to d = 0.5 and will be able to
provide more power and compensate the phase which provides less power. Another
way to increment delivered power and maintain ZVS is slightly reduce fy, for a
fixed L. If motor control allows, several procedure iterations varying f, can be
done, which permits an optimization between power density and losses. This can
be done using the diagram of Figure 2.26. It is similar to the previous procedure
but with an additional loop that goes forward an array with different f,, values.

ﬁ_

(2.67)
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If a Pareto diagram to find an optimum power density, the volume model of the

passive components and heat-sink should be included.

Select Vi, Viars i
and P,

Calculate N

Select f;,,;, from list

r—» Calculate L that

allows P, at dpi,.?

Calculate ¢,

Yes

No

Calculate P, and

devices currents.

Add L and f;,, and
P, to list

Allf,, values were
evaluated?

Select from the list
the combination of L
and f;,, with the
lowest losses

Select the devices.

Figure 2.26: Design procedure diagram with f, optimization.
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2.6.4 Simulation and experimental results

Considering typical automotive industry voltage levels and following the proposed
design methodology, the converter parameters listed in Table 2.1 are obtained.

Table 2.1: System design parameters.

Parameter Value
Battery voltage range, Vju 290-420 V
Motor bus voltage range, V, 200-800 V
Maximum phase output power, P, 0, 3.3 kW
Turns ratio, NV 1
Inductor, L 09 uH

Blocking capacitors, Cpc p and Cpe,s 10 puF
Switching frequency, f., 50 kHz

Each of the three phases has one converter which is designed to withstand 3.3
kW, making possible to supply a motor of 10 kW. To evaluate the feasibility of the
proposal and the performance of the whole system, different tests of the designed
converter supplying a 10 kW PMSM are done by simulation using MATLAB-
Simulink. Focusing on the behavior of a single phase operating at 3.3 kW, Figure
2.27 shows the simulation results of different situations or critical points that the
designed converter must deal with during a switching cycle. Figure 2.27b shows
the waveforms of the converter when the bus voltage is boosted to its maximum,
800 V, with the minimum duty condition. Figure 2.27c demonstrates that 800 V
can be also obtained with the maximum duty cycle.
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Figure 2.27: Proposed design simulations results operating at 3.3 kW per phase
in different conditions. Solid trace v,, dotted trace v,,, dash-dot trace 7, and
dash trace i,. (a) Phase currents: i,, i, and i.. (b) d=0.2, v,=800 vpe;=350 V.
(¢) da=0.8, =800 vpe;=350 V. (d) d2=0.8, v,=550 vp,;=350 V. (e) Half-bridge
operation: dy=0.8, 1v,=200 wvp,;=—350 V.(d) Reverse operation: dy=0.5, v,—=600
Upat =350 V.

According with the operation modes described in Figure 2.23; when the con-
verter works in full-bridge mode, the minimum bus voltage before changing to
half-bridge mode must be guaranteed. This bus voltage is 550 V and the converter
operation is depicted by Figure 2.27d. Figure 2.27e shows the feasibility to reach
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the minimum bus voltage, 200 V with a high battery voltage level thanks to the
half-bridge mode. In all cases, ZVS is accomplished in the primary side at turn
on, since (2.58) and (2.59) are satisfied, ensuring the MOSFET body diode con-
ducts before the channel activation. Regenerative braking or reverse operation is
illustrated in Figure 2.27f. It can be distinguished from normal application be-
cause phase ¢ is negative. ZVS situation is now achieved at the secondary side.
Additionally, in Figure 2.27a, the three phase converters are operated simultane-
ously at 3.3 kW each during multiple switching cycles generating the motor phases
currents.

From the motor control point of view, the proposed converter acts as a typical
inverter. It is able to generate the slow phase currents varying the duty cycle. The
operation of the PMSM with the properties contained in Table 2.2 is simulated.

Table 2.2: PMSM specifications.

Parameter Value
Pole pairs 4
Rated torque, T, nom 50 Nm
Rated speed, W, nom 200 rad/s
Rated power, P, nom 10 kW
Armature inductance, L,, 3 mH
Stator resistance, R,, 1.5 Q

Torque constant, K 1.8 Nm/A

Figure 2.28a depicts the simulation results of the start-up transient of the motor
with a speed reference of 200 rad/s. At the beginning, the motor currents increase
until the reference is reached. Then, a perturbation is introduced at 0.015 s, the
mechanical torque grows from 37.5 Nm to the rated value, 50 Nm. Thus, the speed
control increments the amplitude values of the phase currents to maintain the speed
reference. Figure 2.28b shows the phase currents flowing through the motor and
the converter under the maximum bus voltage gain: vp e and Vpermin. In the
opposite way, Figure 2.28c shows the motor phase currents with the maximum
bus voltage reduction: vpmin and Vpat maz-
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Figure 2.28: Inverter stage simulations. Solid lines: Phase motor currents: i,, 1
and i, (a) Wy, ey = 200 rad/s. At 0.015 s, T}, is increased by 25%. Dashed line:
Wm- (b) Minimum battery voltage to provide maximum output voltage: vy, = 290

V, v, = 800 V. (¢) Maximum battery voltage to provide minimum output voltage:
Vpat = 420 V, Vp = 200 V.

Two experimental prototypes have been built. The aim of the first one is to
validate the feasibility of the converter itself: high-voltage operation and step up
and down DC voltage capabilities while the secondary side transistors are also
able to generate a DC square waveform with a peak voltage value of v, and a
constant output current i,, like a common inverter. To do that, one phase of the
converter using the parameters of Table I is connected to an inductive load, L,, of
700 pH. The schematic and hardware implementation of the experimental set are
represented in Figure 2.29.
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Figure 2.29: 3.3 kW experimental set. (a) Proposed solution schematic. (b) Ex-
perimental.

Converter prototype was implemented according to the design procedure in
previous section with the parameters described in Table 2.1. Selected semicon-
ductors characteristics are collected by Table 2.3. Selected semiconductors are
STW70N60DM2 for primary side and C3M0065100K for secondary side. It is
important to remark that primary side switches operate under ZVS turn-on con-
dition, so higher C,,; decreases turn-off losses but also increases required dead-
time to discharge/ charge external MOSFET capacities. In contrast, secondary
side switches operate under hard-switching condition at high voltages, thus fast
switching semiconductors are needed.
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Table 2.3: Prototype semiconductors characteristics summary.

Device Characteristic Value

Qp Drain-source breakdown voltage 600 V
STWT70N60DM?2 Static drain-source on resistance 0.037 €2
Output capacitance 241 pF
Qs Drain-source breakdown voltage 1000 V
C3MO0065100K  Static drain-source on resistance 0.065 €2

Output capacitance 60 pF

45

Digital PI control strategy using a FPGA was implemented. Bus voltage v,
is measured and compared with desired bus voltage v,.f. The control signal ¢ is
used to regulate v,. Figure 2.30 shows main waveforms at P, = 3.3 kW. Input
battery voltage vy, is placed at 400 V and bus voltage v, is set at 800 V. It can be
demonstrated that output motor phase current is decoupled from the primary side
current ¢;, and that high voltage elevation ratio is achieved. Measured efficiency
of the system, including boost and inverter, is higher than 97 %.
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Figure 2.30: Measured converter main waveforms supplying 3.3 kW to the load,
d=0.5, vpz=400 V, v,=800 V. Primary side voltage v, (1 kV/div), inductor current
ir, (10 A/div), inverter output voltage v,, (250 V/div), current flowing to the
inductive load i, (5 A/div). (a) Simulated. (b) Experimental.

Figure 2.31 corroborates that ZVS condition is maintained in the step up and

down part for critical operating points: low load, low battery and extreme duty
cycle values.
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Figure 2.31: Measured converter main waveforms supplying 300 W to the load,
d=0.2, vpet=150 V, 1,==300 V. Primary side voltage v, (100 V/div), inverter output
voltage v, (100 V/div), inductor current iy (5 A/div), current flowing to the
inductive load i, (2 A/div). (a) Simulated. (b) Experimental.

Figure 2.32 shows the converter operating in half-bridge mode. An input bat-
tery of 400 V steps down to 200 V at the converter output. The half-bridge
configuration is used, so the nominal converter gain changes from 2N vy, t0 Nupg,.
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Figure 2.32: Measured converter main waveforms supplying 1000 W to the load,
d=0.5, vper= 400 V, v, =200 V. From top to bottom: Primary side voltage v, (500
V/div), inverter output voltage v,, (100 V/div), inductor current i, (10 A/div),
current flowing to the inductive load i, (10 A/div). (a) Simulated. (b) Experi-

mental.

Efficiency measurements are done using Yokogawa WT3000 power analyzer.
Measured and calculated efficiency values are plotted in Figure 2.33, where a peak
efficiency of 97.6% is achieved at nominal output power and vy, =350 V.
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Figure 2.33: Calculated versus measured efficiency results of the proposed con-
verter.

The estimated distribution losses in this operating point are represented in
Figure 2.34.

Capacitors

Step up and
down transistors
Magnetics

Inverter transistors

Figure 2.34: Estimated distribution losses.

The prototype of Figure 2.29 is reconfigured to be equivalent to a phase of
Figure 1.1, obtaining the schematic of Figure 2.35. In this way, the same semicon-
ductors and the same volume are used. It is important to note that the transformer
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disappears, but the inductor required by the boost stage is of much higher value,
280 pH, so the size of the resulting magnetic components is similar. In the boost
topology of the conventional solution, several transistors are usually placed in par-
allel in order to handle the current levels. Therefore, the system is implemented
with 2 transistors in parallel.

Figure 2.35: 3.3 kW boost based conventional solution. (a) Schematic. (b) Exper-
imental.

Comparing both solutions at several bus voltages, 3.3 kW and vy,;=350 V, the
obtained efficiency results are shown in Figure 2.36. It can be seen that at higher
voltages the efficiency of the proposed converter results higher where maximum
efficiency point occurs at v, = 2N vpy;.
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Figure 2.36: Comparison of efficiencies between the conventional solution and the
combined stage at 3.3 kW and v,,;=350 V.

The rapid efficiency drop of the proposed converter at low voltages is due
to the loss of ZVS, since the design of previous section is intended to maintain
ZVS up to 550 V. Below 550 V, where lower power is required by the PMSM,
it is recommended to change the operating mode to half-bridge, which varies the
new point of maximum efficiency. Figure 2.36 shows how for lower power and
lower bus voltages, the proposed half-bridge stage is again more efficient than the

conventional solution. In addition, the proposed converter allows to step down v,
with regards to vpg.
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Figure 2.37: Comparison of efficiencies between the conventional solution and the
combined stage at 1150 W and vp,;=350 V.

A second prototype has been built to validate the performance of the whole
system presented in this paper, merging the motor inverter and a step up and
down stage into a single converter to operate a PMSM. This low power system,
depicted in Figure 2.38 with the parameters of Table 2.4, is based on Figure 2.3,

placing one step up and down stage at each inverter leg and using half bridge
configuration.
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Figure 2.38: Full system experimental set with PMSM as load and Phase Shift
DC bus control.

Table 2.4: Low power system design parameters.

Parameter Value

Battery voltage, Viut 100 V

Motor bus voltage range, V, 200 V

Maximum phase output power, P, ., 300 W
Turns ratio, NV 2

Inductor, L 45 pH

Primary side blocking capacitor Cpcp 4.4 pF

Secondary side blocking capacitor Cpcs 2.2 puF
Switching frequency, fs., 60 kHz

SPWM amplitude modulation index, M 0.6

The implemented converter with no heatsinks is shown in Figure 2.39.
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Figure 2.39: (a) Top side. (b) Bottom side. Heatsinks and transformers were not
included.

The PMSM described in Table 2.5 is connected as load.

Table 2.5: Low power PMSM specifications.

Parameter Value
Pole pairs 4
Rated torque, T}, nom 1.27 Nm
Rated speed, Wy, nom 100 rad/s
Rated power, P, nom 300 W
Armature inductance, L,, 1 mH
Stator resistance, R,, 2.25 Q)

Torque constant, K 0.564 Nm/A

The semiconductors used in the step up and down stage, operating in ZVS and
in the inverter are the same: STP1IN60DM2. A field oriented control (FOC) to
regulate the motor speed and a bus voltage control is implemented in a TMS320F280049C
C2000 DSP. The FOC inverter modulation generates the inverter duty cycle. The
step up and down part uses the same duty cycle as the inverter and employs the
phase shift ¢ signal to regulate the bus voltage v,. Magnetic components are made
of N87 ferrite. Figure 2.40 shows the experimental results of the converter oper-
ating with v, at 200 V and vy, at 100 V when the PMSM is absorbing 300 W at
1000 rpm.
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Figure 2.40: Measured converter main waveforms when the PMSM operates at
1000 rpm, absorbs 300 W and vy,;=100 V. Bus voltage v, (100 V/div) and the
phase currents flowing to the motor: i,, i, and i. (5 A/div). (a) Simulated. (b)
Experimental.

Looking in more detail one phase at the operation point shown in Figure 2.40,



UNIVERSITAT ROVIRA I VIRGILI
STEP UP AND DOWN CONVERTER COMBINED WITH MOTOR INVERTER FOR POWERTRAIN APPLICATIONS

Ivan Ruiz Erni

26 CHAPTER 2. COMBINED CONVERTER

Figure 2.41 and Figure 2.42 are obtained. In Figure 2.41, phase current is negative,
close to its minimum peak value, which corresponds to duty cycles lower than 0.5.
In contrast, in Figure 2.42 the current flows to the motor, close to its maximum
peak value, which implies duty cycles greater than 0.5.
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Figure 2.41: Measured converter phase waveforms when PMSM phase current is
negative and vp,; =100 V. Inverter output voltage v,, (50 V/div), inductor current
ir, (5 A/div), primary side voltage v, (50 V/div), current flowing to the PMSM i,
(5 A/div). (a) Simulated. (b) Experimental.
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Figure 2.42: Measured converter phase waveforms when PMSM phase current is
positive and ;=100 V. Inverter output voltage v, (50 V/div), inductor current
ir, (5 A/div), primary side voltage v, (50 V/div), current flowing to the PMSM i,
(5 A/div). (a) Simulated. (b) Experimental.

The experimental results in Figure 2.40, Figure 2.41 and Figure 2.42 agree
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with respective results obtained by simulation. These simulated and experimental
results validate the feasibility of the converter to perform both tasks with a single
stage converter: Generate the low frequency AC currents to drive a PMSM and
regulate the bus voltage.

2.7 Conclusions

This chapter presents the converter that combines a wide range step-up and step-
down stage, and an inverter for electrical vehicle powertrain system. Analytical
waveforms and loss model are developed. Based on this analysis, converter design
procedure to meet main automotive requirements is proposed. From common
high voltage automotive battery values, entire inverter voltage operating range is
covered. ZVS is maintained in the step up and down stage. Moreover, since part of
current generated at primary side flows directly to motor, inverter transistors RMS
current results lower than in typical used solutions. Simulated and experimental
results with two prototypes are used to validate the converter proof of concept.
In summary, a compact solution that merges the inverter and the step up and
down stage with less components, and wide voltage range is achieved for electrical
vehicles powertrain system.
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Chapter 3

Converter model

This section proposes two different models of the presented combined converter.
The large signal model and the small-signal model to be able to implement different
kinds of control strategies.

3.1 Non-linear discrete time model

3.1.1 Large signal analysis

The variables used in this model are shown in Figure 3.1

(o,

olly ol

+
Ci
Vhat -

0| Qﬂﬁ

Figure 3.1: One phase of the step up and down combined converter.

(o,

The inductor current is represented by iy, the phase current that flows to the
motor by ¢, and the capacitor current by i¢,. The bus capacitor voltage is named
as vy, while the motor phase voltage is v,.

The non-linear discrete time waveforms of the converter phase A current are
illustrated in Figure 3.2.

61
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Figure 3.2: Integrated boost converter main waveforms.

In Figure 3.2, d; and d represent v, and vy duty cycles respectively and ¢ is
the phase difference between v, and v,. The inductor current at the beginning of
the switching period Ty is named as iz (n). Four inductor current iy, slopes are
distinguished in L depending on the voltage difference between v, and vs/N along
Tsw. Current iy, can be modeled from Chapter 2 using (2.6). The result of solving
(2.12) is iy (n):

(2D¢ + D? — D) vy, + (2D — 2D?) N vy

ST, (3.1)

ZL(TL) =

In Figure 3.1, () is charged/ discharged by i; and i, when the secondary side
upper transistor (Jg; is switched on:

0 Too <7 < Ty

iy = YN o 6Ty <7 < Ta .
in(T)/N —iq 1T, <7 < (da+ &)
0 (do + )T < 7 < Ty

The voltage capacitor evolution at the end of the switching cycle can be calculated
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as:
1 Tsw
vb(n + 1) = vb(n) + —= / ideT (33)
Cb 0

Substituting (3.2) in (3.3) results in:

vp(n+ 1) = vp(n)—
_(9* + (2d” — 2d) ) vpar + LN fonia¢d (3.4)
CyLN fo” '

The previous analysis has only been carried out for one phase, phase A. The
control variable can be controlled independently in each phase, A ,B and C; but
it is also possible to use the same control variable in common for all phases. The
voltage variation across C, changes if the rest of the phases that form the three-
phase system, phases B and C, are considered. If the three phases are equal and

iq = im cos(wt) (3.5a)
iy = im cos(wt + 27/3) (3.5b)
ie = im cos(wt — 2m/3) (3.5¢)

where i, is the peak phase current flowing to the motor, then the duty cycles of
each phase will also be different and related to the current carried by each phase
at that moment. It is important to remember that in a PMSM motor the power
factor is close to unity. A simplification for better understanding is to assume a
sinusoidal modulation which gives rise to the following duty cycles:

d, — % (1+ cos(wt)) (3.6a)
dy = % (1 + cos(wt +27/3)) (3.6b)
d, = % (1+ cos(wt — 27/3)) (3.6¢)

Using the same control value of ¢, defining the incremental term of (3.4) as a
function of the duty cycle d and the instantaneous current i:

(¢% + (2d* — 2d) ) Vpat + ALN foich

d,i) = 3.7
and combining with (3.6) and (3.5); (3.4) can be rewritten for three phases as:
vp(n +1) = vp(n) — (f(dayia) + f(db, i) + f(de,ic)) (3.8)
which solving, results in:
].2 2 - Qa LN sw ‘m
op(n+ 1) = vy(n) — 287 = 30) Vot & SLN fo 0 (3.9)

AC,LN fy°
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3.1.2 Discrete time small-signal model

Using previous previous discrete large signal analysis it is feasible to obtain a
discrete-time small-signal analysis.

3.1.2.1 Phase to bus voltage transfer function
Equation (3.4) can be linearized around equilibrium points.

Gy(n+1) = —d“é’li?:(z)”ﬁb(n) + —dvg(g(:) Y 4m) (3.10)

Converting into z domain and grouping terms of (3.10)

CbRa, fst -+ (D — CbRafsw> “ (2(1) + 2D2 — 2D> %at ~
O = — 5 [0) (3.11)
CbRa fswz CbLN fsw zZ

and solving for v, the phase to bus voltage discrete-time small-signal model rep-
resentation of the converter is obtained:

(2R® + (2D* — 2D) R,) Viur

Up
Gpp(2) = = = — 5 5 (3.12)
o CyLNR,, fsw" 2 — CoLNR,, fo™ + DLN fg,
where v
R, = -D? (3.13)
Za
and capitalized variables represents their stationary point value.
3.1.2.2 Switching frequency to bus voltage transfer function
Similar to the previous section, but linearizing for f,, we obtain:
. dop(n+1) . dvp(n+1)
)= — — —fw 3.14
ol +1) = SIS ) + S () (314

Applying z transform and grouping terms of (3.14)

CyRofswz + (D — C’bRafsw)UA B (2R, ®? + (4D? — 4D) R,®)v; + DLN fsonfA
CbRafst " CbL NRafswgz =
(3.15)

and solving for vj:

Gy (2R,® + (4D — 4D) R,®) v; + DLN [,V

Gvfsw (Z) =~ = 3 3 2
for CyLNR.fw’s — CoLNRofos® + DLN fo

(3.16)

the switching frequency to bus voltage discrete-time small-signal model represen-
tation of the converter dynamics is attained.
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3.2 Continuous-time model

The most commonly used method for modeling PWM converters is based on the
averaged state-space, [36]. The application of the averaged state-space model is
used in converters such as the boost or buck converter where the state variables,
voltages and currents, have high DC levels and higher order harmonics are ne-
glected. In the case of the proposed converter, this situation does not occur. The
current flowing through the inductance does not contain DC level, only AC cur-
rent. The model presented in this chapter is based on the generalized state-space
model, explained in [37] and [38], where higher order harmonics are considered.

3.2.1 Mathematical fundamentals of the GSSAM

In this section, the mathematical basis of the generalized state-space average model
is explained in depth to facilitate the understanding of the model. Fourier series
allow any periodic and continuous signal in time, f(¢) to be decomposed into an
infinite sum of sinusoidal or cosine functions called harmonics, n:

G 2 2
f(t) = % + ;(an cos( YZ:Zt)) + by, sin( Yzm

sw

1)) (3.17)

where the period T, is the inverse of the switching frequency f,,. The coefficient
of the Fourier series ag refers to the 0 harmonic, n = 0, or DC level of the signal:

2 Tsw

Tsw 0

f(t)dt (3.18)

ag =

The remaining coefficients, a,, and b,,, represent the frequency content of the signal:

2 [T 2
ay = F(1) cos(ZZ4)at (3.19)
Tsw 0 sw
2 [T 2
by = = F(t) sin(2¢)d (3.20)
sw JO sw

According to Euler’s formulas:

e]nt + e—jnt

5 (3.21)

cos(nt) =

ejnt _ e—jnt

sin(nt) = —j 5 (3.22)
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Then, it is possible to rewrite (3.17) as:

ft) =co+ Z(cnej"t + e ™M) = Z Cne™ (3.23)
n=1 n=-—00
where ¢,, can be calculated as:
1 Tsw .
Cn = ft)e 7omtdt = (f), (3.24)
Tsw 0
or separating the real and imaginary part:
1 Tsw 2mn P
Rie) = [ ft)eos(Zt) = (5 (3.25)
sw JO sw
and .
1 sw ., 2mn 3
(e =7 [ fWsin(Zt) = (53 (3.26)
sw JO sw

The time derivative of the coefficient (f), is obtained by applying Leibniz’s
law:

d<f>n o 1 /Tsw a Jnwswt _
o [T (B ) et e 32
= Tsw . dt (& JNWsy (& .

Substituting equation (3.24) into (3.27), it is finally reached:

dif).  df

7 <dt (3.28)

>n — JNWsw <f>n

Let there be two Fourier coefficients, (f), and (h),, the product of these is
realized by discrete convolution:

(3.29)

Solving (3.29) for the continuous level, n = 0, and the first-order terms, n = 41,
which are part of the first harmonic, it is obtained:

(Fox (hho = {f)=1{h)1 + (fho(h)o + ()1 (h)
(f)-vx (h)oy = (f)=1(h)o + (Fo(h)

(3.30a)

(3.30D)
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(oo (b= (fholh)r + (f)i(h)o (3.30¢c)

Assuming (f), must be a complex number, it is satisfied that its complementary

| (= ()% (331)
Substituting (3.31) into (3.30), it is obtained:

(o * (Ryo = (folh)o + 2(/)T(M)T + 2(f)T(h)} (3.32a)

()T * (MY = ()T (Ro + (o(h)? (3.32Db)

(NT* (T = (NolM)T + ()T (Ao (3.32¢)

3.2.2 Application of the method to single phase

The equations developed in Subsection 3.2.1 are applied to the converter phase
shown in Figure 3.3.

(e,

oy oy, 9

L
+ Il °e
bl i
bat == Cpep P (L

0| QQE|

(e,

Figure 3.3: One phase of the step up and down combined converter with R,.

Figure 3.1 differs from Figure 3.3 in that instead of modeling the output with
a current, a resistor equivalent to the power absorbed by the motor is placed.

The square voltage waveforms of the primary v, and secondary v, bridges are
proportional to the signals u;(t) and us(t), being:

n 1 0<t<dTh 3.3
u = .
' —1 lesw <t S Tsw

and

wolt) = { 1 ¢Ty <t < (¢+do)Th (334

—1 (¢+d2)Tsw <t§Tsw<1+¢)

On the other hand, in the secondary side, the energy is transferred from the
inductance L to the capacitor C' when the signal us(t) is positive, giving place to

U3<t):
1 T, <t < (¢ +do) T
0= { 0 (¢+do)Tow <t <Tsu(1+9) (3:39)
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Choosing as state variables the current in the inductance L, (i, (¢)) and the voltage
on the output capacitor Cy, (vp(t)), the differential equations of the stage shown
in Figure 3.1 result in:

Tel) ey 000 - 2, (3.50)
cﬁpz—ggw®+%%nw (3.37)

It is important to remark that the current ¢; does not contain a continuous level,
S0 it is necessary to calculate at least the first harmonic n = 1 to obtain a valid
model. The signal v (t) is considered as constant, with no ripple, so:

(Vbat) T = (Vpat)} =0 (3.38)

Applying (3.32) in (3.36) and (3.37), gives the corresponding Fourier coeffi-
cients:

d(ip)n Ry . (U1)n * (Vbat)n  (U2)n * (Vb)n
at g et L T aNL (3:39)
d<§l£>n _ <u3>g:;%ivb>n 1 <U3>7\7*C}<JZL>H (3.40)

Representing (3.39) and (3.40) up to the first harmonic (n = 0,-1,1) and applying
(3.32) results in :

(dig)f _ —&(id% (u)o{Vsat) T + (1) T (Vpar)o
dt L ! L
(ug)o(vp) T + (u2) T (p)o N
— AT W (i) (3.41)
(di)? Ry, o, (u1)o{Veat)? + (u1)7 (Usat)o
T AL L B
(ug)o(wp)? + (u2)7 (Us)o ,
— SN L — wsw@L}é{e (3.42)

(dup)o (vp)o(us)o 2((“9?(“@? + <U3>?<Ub>(f)

& GR. CoRa *
2((ug) ¥ ()T + {us)?(ir)7)
+ NG, (3.43)
(duvp) T _ _<Ub>§{e<u3>0 _ (vp)o(us) T + {ug)oic) T +wsw<vb>? (3.44)

dt (jb}%a (jbl%a pv(:%
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(dup)? _ _(Ub>?<u3>o B (up)o{us)? | (ua)oir)? — Wew ()T
% C’bRa C’bRa NCb sw\Vb/1

where wg, = 27 fg,-
Defining the state vector a as:

= [(iL) R (L)Y (p)o ()T ()]

and the input vector u:

u = [(Vbat)o]
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(3.45)

(3.46)

(3.47)

equations (3.41)-(3.45) can be represented in matrix form, obtaining the state-

space model:

T = Ax + Bu
Being A:
_R _(ua)? (we)o 7
L sw <2N>L@ ONL o
. Ry u2)y u2)0
Wew L. INL 0 R ONL
A— 2(uz)y  2(uz)y  (uz)1  2(us)y 2(ug)y
- NCy NC, CpRq CyRq CyRa
(us)o 0 (ua) (us)o W
NCb CbRg CbRa sw
(u3)o (uz)? _ {us)o
L 0 NC, CoRa Wsw CyRq -
and B: ~ _
(un)}
L I
(u1)7
L
B = 0
0
0

(3.48)

(3.49)

(3.50)

The continuous and first-order Fourier coefficients of the signals wuy(t), us(t)
and uz(t) are obtained from developing the Fourier series of the signals (3.33),
(3.34) and (3.35) by means of (3.17), (3.25) and (3.26). In this way, it is obtained

for uy(t):
<U1>0 = 2d1 —1
sin (27d
() = S )
s cos(2md;) —1
) = ST L
for uy(t):
<U2>0 = 2d2 -1
» _ Sin(2m¢ + 2mdy) — sin (27¢)

(ug)1 =

™

(3.51a)

(3.51b)

(3.51c)

(3.52a)

(3.52b)
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2 2 — 2
()3 = cos (2m¢ + W;ng) cos (2m¢) (3.520)
and for us(t)
(ug)o = da (3.53a)
sin (2m¢ + 2wdy) — sin (27
(us) = S0 ;) (@) (3.53b)
(15)3 = cos (2w + 27Ti2) — cos (2m¢) (3.530)

3.2.3 Small-signal model

The system represented in (3.48) contains non-linear terms. For this reason, to
design the control loop, it is necessary to linearize the system around an equilibrium
point T.q, where there are no significant variations.
The equilibrium point .4 is obtained from eliminating the derivative in (3.48),
@ = 0, and solving:
Teqg = —A 'Bu (3.54)

By introducing a small perturbatlon in the control variables, in this case: ¢,
dl, dy or Wsw, the state variables will vary with respect to the equilibrium point.
Perturbing the system around the equilibrium point yields the small-signal model.
Linear approximation of the system is obtained thorough the first order term of
the Taylor Series representation. Let f(z) be continuous and differentiable, x.,
the equilibrium point and # a small perturbation, it is satisfied:

T =12 — T (3.55)

and
f(x) =2 = f(xeq) + f’(a?eq)(x — Te) =0+ f,(xeq)j (3.56)
The first order derivative f’(x.,) at the equilibrium point is calculated by the
Jacobian of the system. Being:

f(x, ¢,d1, dy, wew) = (Az + Bu) (3.57)
Applying the Jacobian matrix in (3.57)
d®)
Sdt

it is obtained the small-signal representation of the system:

f( ¢7 d17d27wsw) (358)
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where: ) o i }
R 7 U.
T W~ 2134 —oNL 0
w R, _ ({U2)} 0 _ {U2)o
A 2<U3L;§g 2(U3L>g 2]\{L 2N
A= N_ygl —Ncbl — 0 0 (3.60)
1
C: 0 <UO> 0 — iR, CUS;U
| 0 NG, 0 “Wsw T GR,
&= [(ie)T (in)? (Be)o (0o)] (06)7) (3.61)
[ (U
L x
U1)7
~ L
B=| (3.62)
0
- O -

(cos (2 D427 Dy)—cos (27®)) (Vi )o

LN R
(sin (2r®+-27 Dy )—sin (27 ®)) (Vi )o
LN

E= a4+ % A (3.63)
_ (2cos (27®+27D1)—2cos (27P)) (Vp)o
CR A
(2sin (27 ®+27D1)—2sin (27P)) (V)0
CR
where
oy = —4cos (20® + 27 D) (Vi) + 4 cos (2n®) (V)X + 4sin (20® + 27 D) (V,)S
(3.64)
and
oy = —4(I1)Y sin (20® + 27 D) 4 4(I)F cos (21 + 27 D)C N+
+4(I.)? sin (27 ®) — 4(I.)T cos (2mP) (3.65)
(IL)3
) —(I)}
E; = 0 (3.66)
(V)3
—(Vp)¥

Capitalized letters in the above equations represent the variables at their equi-
librium point. These variables result in the equation (3.54). E is illustrated since
it would be used to calculate the transfer function using ¢ as a control variable.
Another option is to use Eg to employ wy, as control variable. El and E‘z are not
represented due to the lack of interest from the control point of view.



UNIVERSITAT ROVIRA I VIRGILI
STEP UP AND DOWN CONVERTER COMBINED WITH MOTOR INVERTER FOR POWERTRAIN APPLICATIONS

Ivan Ruiz Erni

72 CHAPTER 3. CONVERTER MODEL

3.2.3.1 Phase to bus voltage transfer function

The state variable to be usually regulated in this topology is the DC bus voltage
vp. The most simple way to control it, is using ¢. Therefore, using (3.59), (3.60),
(3.61) and (3.63) the small-signal representation required to design the controller
become:

da o a A

£ — Az + Ed (3.67)

The control signal to bus voltage transfer function is denoted as:

~ A~

Gu(s) =C(sI — A E (3.68)

where C is:

C=1[00100] (3.69)

If the three phases are considered due to the use of R, in the model, gain must
be multiplied by 3 and the average value of D along one sinusoidal cycle must be
considered.

3.2.3.2 Frequency to bus voltage transfer function

Another option is to use the switching frequency f,, to control v,. Using previous
section analysis is easy to obtain it:

A& .. -
d—“; = A& + B3 (3.70)

The control signal to bus voltage transfer function is denoted as:

Gopon(s) = 21C(sT — A)E; (3.71)

3.3 Model comparison

In order to analyze the obtained continuous-time and discrete-time small-signal
models of the combined converter, both of them will be compared in the fre-
quency domain with the model obtained through the switched circuit model using
MATLAB-Simulink. The following converter parameters are used:
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Table 3.1: Equilibrium point parameters.

Parameter| Value
Vi 400 V
V, 800 V
) 0.071
D, 0.5
D, 0.5
fsw 50 kHz
N 1
L 59 uH
Ry 50 mQ2
Cy 60 uF
R, 97 Q

3.3.1 Bode plots
3.3.1.1 Phase to bus voltage transfer function

Substituting Table 3.1 parameters in (3.68) results in the following discrete transfer
function:

B 6144000
~ 377600z — 376951

Gog(2) (3.72)

where just one pole is appreciated. If Table 3.1 parameters are substituted in the
transfer function obtained with the continuous model (3.12), a much more complex
transfer function is obtained:

Gug(s) =
66449 (S +1.101 x 106)(8 —1.101 x 106)(52 — 0.0001773s + 9.86 x 1010)

(s + 85.94) (s + 0.793s + 9.86 x 1019)(s2 + 172.85 + 9.865 x 1010)
(3.73)

Both transfer functions are represented in the Bode diagram of Figure 3.4.
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Figure 3.4: Frequency response of G,s. Solid line: Continuous. Dashed line:
Discrete. Crosses: Points obtained with Matlab/Simulink.

It can be seen that although looks like different models, in the useful frequencies
their behaviours are similar, dominated by one single pole. In Figure 3.4, it is
also possible to observe an agreement between the frequency representation of the
obtained model and that obtained by simulation with Matlab/Simulink.

3.3.1.2 Frequency to bus voltage transfer function

Equation (3.74) is the transfer function (3.16) after substituting the values of Table

3.1.
G (2) =

162646

5900000000z — 5889859375

(3.74)

In the same way, the numerical representation of (3.71) is:

Gvfsw (S) -

66476(s — 1.96 x 10%)(s> — 0.000131s + 9.86 x 10')

(s + 85.94)(s%2 4+ 0.793s + 9.86 x 1010)(s? + 172.8s + 9.865 x 1010)

(3.75)

The representation of previous transfer functions is shown by Figure 3.5 where
an agreement between both models and the data obtained by means of simulation

are similar.
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Figure 3.5: Frequency response of Gy, . Solid line: Continuous. Dashed line:
Discrete. Crosses: Points obtained with Matlab/Simulink.

It is important to remark that, due the calculation of the First Fourier har-
monic for obtaining the model, (3.72) and (3.75) present high-frequency modeling
effects in form of resonance and non minimum phase dynamics. The high fre-
quency resonance is placed at the switching frequency and the right half plane
zero represents the delay in power output transmission, which is related to dyTy,
plus ¢. However, these high frequency effects are far away of the useful frequency
range of a small-signal model, which is below half of the switching frequency, and
usually are not taken into account for control design purposes.

3.4 Conclusions

Two different models, one obtained from the discrete time equations and the other
based on continuous time, have been developed in this chapter. For both models,
the transfer functions from the control signals, phase and frequency, to the voltage
to be regulated are developed. The transfer functions obtained with both models
and those obtained with Matlab /Simulink show very similar results. Although they
are practically identical, the transfer functions obtained with the discrete model
are easier to operate and where parameters conditioning the frequency response
are easily identifiable.
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Chapter 4

Bus voltage regulation

In this chapter, the previous continuous-time and discrete time models, obtained
in chapter 3 are used to design respectively linear and non-linear discrete-time
controllers for bus voltage regulation.

4.1 Non linear control

Due to specifications, converters must support critical conditions where the con-
verter output regulation and robustness result crucial. Since converters are being
recently used in mass production, lots of errors and unexpected behaviours arises
during the first years of the product. Any HW change results fateful due to the
product recall and manual substitution of the parts. Given previous circumstances,
digital control results a mandatory condition in the requirements of the product
making them easy to update. Another issues of mass production are the large tol-
erance of the converter components and the unexpected line and load disturbances
along the multiple situations.

Among the non-linear controllers the main advantages of the sliding controllers
are the low sensitivity to the plant parameter variations and disturbances which
eliminates the necessity of exact modeling, [39] and [40]. Discrete-time sliding
control allows designing and analyzing direct digital controllers for power con-
verter, [41,42], using a discrete-time converter model achieving similar dynamics
behavior than the continuous sliding mode. However, the controller depends on
plant parameters.

To guarantee proper operation, this chapter presents a digital proportional
control based on discrete-time sliding of the converter bus voltage [43]. In this type
of controls usually, as detailed in [41,42,44], inductor current is controlled with a
fast control loop via sliding based regulation, while bus voltage is controlled by a
slower proportional integral control loop which sets the inductor current reference.

7
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Also, it allows to implement digital loss free resistors for PFC applications [45].
Inductor current sensing at high speeds results in an extra noticeable cost that, if
it is possible, must be avoided. Thus, bus voltage value is controlled directly. In
this section, discrete-time approach of the sliding-mode control theory is applied
and accurate description of the converter dynamics are obtained. Thanks to that,
a sliding based control for the converter is proposed and the closed loop stability
is proved analytically.

4.1.1 Discrete-time sliding-mode voltage control

Sliding mode control is a variable frequency control that is usually applied in
variable structured systems [46,47]. The structure variation forces the controlled
variable trajectory to evolve towards a particular surface. When the surface is
reached, the controlled variable trajectory slides on the neighbourhood of this
surface. This is why it is called sliding surface. Figure 4.1 describes this situation,
where the selected surface is s = x + & = 0. Depending on ¢ value condition, the
control structure varies to make o = 0.

A
X

>0

0<0 .

Figure 4.1: Sliding surface.

In case the presented converter, for bus voltage regulator a classical sliding
control surface could be the following:

s(t) = vy — vp(t) (4.1)
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In a pure sliding mode regulator, the control action ¢(n) would have the following
action:

0, otherwise

b(n) = { g 521 (4.2)

The control will change its structure between two points, in that case: the first
point where the converter delivers the maximum power D/2 and the point where
it delivers the minimum power 0. When the sliding surface is reached, continuous
switching between these two points will cause excessive ripple in the output, known
as chattering, making it impractical.

A discrete switching surface s(n) that provides asymptotic behavior when the
converter dynamics are forced to evolve over it, must be selected. The converter
dynamics should move towards the surface. In order to reach the desired output
capacitor voltage reference vy, the following discrete time manifold is selected:

s(n) = vy —vp(n) (4.3)

where n represents the nth sampling period, in this case the beginning of the nth
switching, as represented in Figure 3.2. The surface defined in (4.3) must converge
so the system must evolve to make v, equal to v; in the next sampling period:

sn+1)=0=uv, —vp(n+1) (4.4)

For a single phase of the converter, which is shown in Figure 3.1, substituting (3.4)
into (4.4) yields:

(¢* + (2D* — 2D) ¢) vpat + DLN foiq

=0 4.5
(jblljv'f;wQ ( )

vp = wp(n) +

The control action that equals the reference at next switching cycle (n 4+ 1) can
be derived from (4.5). As illustrated in Figure 4.2, a smooth control action ¢,
which is equivalent to the variation of ¢ between D/2 and 0 over time, is used.
This is an extension of the equivalent control notion in continuous-time systems
to a discrete-time context [43,48].
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4 4

D/2 mim

Figure 4.2: Equivalent control action.

It is assumed that v; is constant during several cycles, therefore the average
value can be used V;*. The same occurs for vy, (n) that is assumed constant, where

Viat 1s the averaged value. Equivalent control action signal ¢, is obtained from
(4.5) solving for ¢:

\/ ((D* = 2D + D?) Vi + CoLN fau*e(n) — DN fuia) Vias
V;)at

¢eg=D(1—D) —

(4.6)
where the error e(n) is defined as:

e(n) = Vg —wu(n) (4.7)

It is worth of noting the control action is not a pure sliding mode control one, which
would imply the application of a bivalent ({¢min, Pmin}) discontinuous control
action. In this case, the control action is a discrete-time continuous multivalent
([Pmin, Pmin)) control action.

It must be noted that the equivalent control action is not a pure sliding mode
regulator, being a control based on a continuous action signal.

Equivalent control action value must be limited according to minimum and
maximum power delivering capacities of the converter, described by (2.20) in Chap-
ter 2:

0 S (beq(n) S Dcrit (48)

where D,

(4.9)

b _ D D <05
)l (1=D)/2, D>05
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In case ¢., overpass the restrictions of (4.8), the control action must be saturated:

0, Peq(n) <0
P(n) = q deq(n) 0 < deg(n) < Dot (4.10)
Dcm’t (beq(n) > Dcm’t

It must be noted that the lower limit of ¢(n) is set to 0 to avoid absorbing energy.
If regenerative braking is desired, which implies transferring energy from the motor
to the battery, —D,.;; should be placed instead 0.

When ¢(n) is saturated at the upper or lower limit, (4.4) is not satisfied. To en-
sure the existence of discrete-time sliding motion in further cycles, the convergence
to the surface defined in (4.3) must be proved.

4.1.2 Reachability condition

The desired discrete-time sliding mode dynamics must be attained and maintained.
To reach the discrete time sliding behaviour, the following condition which ensures
that s(n + 1) decreases must be guaranteed:

lls(n + DIl < ls(n)l| (4.11)
which is equivalent to:
s(n+1)As <0 (4.12)
where
As=s(n+1)—s(n) (4.13)

Substituting (4.3) and (4.4) into (4.13), it results:

&? + (2D? — 2D) ¢) pat + DLN fopia
N Gl CbL)J\/’)f bat J (4.14)

According to (4.10), two reachability cases, shown in Figure 4.3 appear depending
on the saturation condition.



UNIVERSITAT ROVIRA I VIRGILI
STEP UP AND DOWN CONVERTER COMBINED WITH MOTOR INVERTER FOR POWERTRAIN APPLICATIONS

Ivan Ruiz Erni

82 CHAPTER 4. BUS VOLTAGE REGULATION
A
S(n+1)=e(n+1)
¢ =D/2
.\
\ A85<0
" 0 S(n)=e(n)
o o ¢—— P
k\
X
A85>0 \R

®
¢ =0

v
Figure 4.3: Reachability conditions.

In (4.14) and Figure 4.3, if ¢ is saturated to the lower limit ¢ = 0, it implies
that s(n + 1) < 0 so, As must be positive to satisfy (4.12). After substituting
¢ =0 in (4.14) and simplifying, it results:

As = Di, > 0 (4.15)

which means that the system will move towards the surface if a load is connected.
It must be noted that ¢ was limited to positive values where no regenerative
braking exists.

In contrast, when ¢ is saturated to the higher limit ¢ = D/2, it yields to

s(n+1) > 0. To meet (4.12), As must be negative. After substituting ¢ = D/2
in (4.14) and shortening, it results:

As = (4D* = 3D) vy + 4LN fi,<0 (4.16)

Above equation establish the maximum power that can be delivered due to hard-
ware design restrictions and the limit established by D as shown in Chapter 2. If
(4.16) is not fulfilled, L or fy, should be reconsidered and D limited. If the above
equations are satisfied, (4.15) and (4.16), the system will move towards the sliding
mode condition: s = 0.
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4.1.3 Ideal sliding mode dynamics in discrete-time

Once sliding surface is reached, the control action obtained in (4.6) can be substi-
tuted in (3.4) and (3.1) obtaining:

v =uvp(n+1)=uv; (4.17)

which means that the surface is attained. Due to 3.1, the converter model is of
first order and therefore the remaining sliding mode dynamics does not exist.

4.1.4 Chattering effect reduction

In analog sliding mode, even under steady state operation, control signal ¢ com-
mutes at certain frequency between its maximum and minimum value. This phe-
nomenon creates small oscillations in the sliding regulated variable which is known
as chattering. Chattering, aside from electrical noise, increases electrical and me-
chanical component stresses. In order to solve the above problem in continuous
time sliding mode, the discontinuous control function which switches between its
maximum and minimum value, is replaced by a continuous smooth approximation.
Detailed explanation can be found in [49]. In discrete-time, although an equivalent
control action ¢, is calculated, which should not generate chattering, it appears
due to small tolerances and uncertainties in the system. Figure 4.4 illustrates this
situation, where a small variation in ¢ results in excessive ripple in the bus voltage.
This situation makes very difficult to reach a smooth equilibrium point.

Figure 4.4: Chattering caused by high gain.

In discrete time, a smoothed control signal can be obtained by solving (3.4) for
a certain moment k instead s(n + 1) = 0. Solving for s(n + k) = 0.

(ij]vfsw2

w=D(1—D)— /(D —2D3 + D2 R Jsuta
qu ( ) \/( + )+ k%at e(n %at
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4.1.5 Model and control strategy validation

In this section the proposed analytical model, the circuit simulation and the ex-
perimental results are contrasted to validate the discrete-time representation and
the proposed discrete-time sliding mode control for one single phase. The pro-
totype shown in Figure 2.29 was used to obtain the experimental results. The
same parameters, described in Table 4.1, were used for the analysis, simulation
and experimental results.

Table 4.1: Parameters.

Parameter Value

Switching frequency 50 kHz
Inductor o8 nuH
Output capacitor 60 uF
Nominal input voltage 100 V
Nominal bus voltage 200 V
Nominal output current 1.85 A

After implementing the discrete-time sliding mode control strategy into a FPGA,
the converter waveforms shown in Figure 4.5 were measured.

Tek Prevy — = — — : —1

o T L T T r

g s - iﬂﬂﬂm*hﬁ%i

)|

& =o0v 10.0ps 25065/ o 12 Tan 2019
& so0s € S0k 1M points 45.0 ¥ 18:03:52

Figure 4.5: Key experimental waveforms of the combined converter. From top to
bottom: Primary voltage v,, bus voltage vy, inductor current ¢, load current i,.

For same operation point, inductor current waveforms acquired in (2.7) from
Section 2 and simulation are plotted in Figure 4.6.
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Inductor current (A)
N
(e )
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T
I

_5 1 1 1
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Time (us)
(a)

Figure 4.6: Analytically calculated inductor current iy.

Both, analytical and simulated results match the experimental current wave-
form shown in Figure 4.5, where 4 A as peak current value can be observed.

Figure 4.7 represents, from (4.18), the maximum allowed voltage error at v
before the control action saturates to its maximum ¢ = 0.25.
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Figure 4.7: Maximum voltage error before control action saturates.

Making k = 20, the maximum allowed voltage error before the control saturates
is around 8V, which is a reasonable value. Control action ¢ is contrasted solving
for smoothed s(n + 20) = 0 and sharp s(n + 1) = 0 values. Figure 4.8 represents
the comparative of the control action from 0 to 200 V and from 200 to 250 V.

03r

0.25
0.2r
<0157

A

0.05 1

0 5 10 15 20 25 30
Time (ms)

Figure 4.8: Variation of control signal ¢ for 0 to 200 and 200 to 250 voltage
reference change. Black trace: Smoothed sliding regulation.
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In Figure 4.8, soft transitions occur from one step to the other preventing
chattering if small tolerances or uncertainties appear. The voltage evolution de-
scribed by (3.4) is contrasted for previous action with simulation results in Figure
4.9. Same results are obtained, but it must be highlighted the chattering which
appears in the simulation results for non smoothed action.
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Figure 4.9: Voltage reference change. Black trace: Smoothed sliding regulation.
Grey trace: common sliding regulation. (a) Analytical. (b) Simulated.

As it is shown, between s(n + 1) = 0 and s(n + 20) = 0 smoothed control
signal has little effect on the setting time. Solving for much slower dynamics,
s(n+200) = 0, as depicted in Figure 4.10, the control signal and the settling time
are softened. In this picture, it is important to remark that the analytical model
presents similar results than the experimental model.
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Figure 4.10: Smoothed 50 V reference change (a) Analytical. (b) Experimental.
Waveforms from top to bottom: Input voltage v;, motor voltage v,,.

Regarding the control stability when perturbations appear, Figure 4.11 depicts
a load increase of 33% and decrease, turning back to its nominal conditions. Con-
trol, which is able to minimize the disturbance, shows a stable operation in both
cases with little effect in bus voltage.



UNIVERSITAT ROVIRA I VIRGILI
STEP UP AND DOWN CONVERTER COMBINED WITH MOTOR INVERTER FOR POWERTRAIN APPLICATIONS
Ivan Ruiz Erni

4.1. NON LINEAR CONTROL 89

Tek Frevu
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Figure 4.11: Experimental phase A motor voltage response to load variations.
Waveforms from top to bottom: Output current i,, bus voltage v,. (a) Load
increases 33%. (b) Load reduces 33%.

The reference is also maintained after applying a 25% of input voltage variation,
as can be observed in Figure 4.12.
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Figure 4.12: Experimental phase A motor response to input voltage variations.
Waveforms from top to bottom: Input voltage v;, bus voltage v,. (a) Input voltage
increases 25%. (b) Input voltage reduces 25%.

Looking in greater detail Figure 4.10, Figure 4.11 and Figure 4.12, it can be
seen that v, does not reach with precision v; which is 200 V. This is because
the implemented control, even if based on a sliding surface, employs a discrete
equivalent control action making it a non-linear proportional control.

4.1.6 Parametric steady-state error elimination

It has been shown that the proportional control is able to react fastly against
perturbations but it is not able to reach the reference accurately due to parametric
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uncertainties. In this section, an additional integrator control loop is added to the
proportional control obtained based on the equivalent control action from sliding.
To do that, the phase to bus voltage small signal model of the converter at the
equilibrium point is used. The control diagram is shown in Figure 4.13.

(. V(1)
)

D i Vi, ref(11)
N | Vs
PWM controller [ PI —
Gl ;
PWMs V()
ZOH
(d\=d,, ¢:¢ref) l 4
V(1)
C 3
ol ool
F .
; __Ff 1 +
i ] Cpcp Vp
QﬂEl Qﬂﬁ
O

Step up and down stage Inverter phase

Figure 4.13: Control diagram for converter using the proportional control based
on sliding and an integrator.

The PI transfer function of Figure 4.13 that must be added to the proportional
action has the following form:

) (4.19)

where w; represents the frequency at which the integrator begins to act, 100 rad/s
in that case. |Gy¢(jw,)| is the magnitude gain of G,4(s) at crossover frequency ws,
selected at 100 rad/s.

The PI frequency response is shown in Figure 4.14.
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Figure 4.14: Frequency response of G;(s). Solid line: Continuous. Dashed line:
Discrete.

Once the G;(s) is obtained, it is discretized using the bilinear transform which
maps the left half of the complex s-plane to the unit circle in the z-plane:
Gi(z) = Gi(8)] 4= 2 21 (4.20)

S=Ts 241

where Ty is the sampling period, in that case agrees with 1/ fq,.
Figure 4.15 shows how the converter is able to achieve the reference with no
stationary error thanks to the inclusion of the integrator.

Tek Prevu et LT

(@ so.ov I 10.0ms 10,0MS/s s 12 Tan 2019
1M points 63.7 v 14:11:20

Figure 4.15: Experimental phase A motor response to input voltage variations
with integrator. Waveforms from top to bottom: Input voltage v;, bus voltage vy.
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4.2 Three phase control

For the three phase converter of Figure 2.1, as described in subsection 4.1.1 each
phase can have its own control action signal operating individually:

0, ¢eq’p(n) <0
Cbp(’fl) = ¢eq,P<n) 0 S ¢eq(n) S Dcrit,P/2 (421>
Dcrit,P/2 ¢eq,P(n) > Dcrit,P/2

where subindex P represents each phase. ¢, p(n) can be obtained from (4.6). In
that case, one phase will be always operating close to its maximum power delivery
point, D = 0.5 while the others will be in worse points.

Another interesting option to simplify calculations is to use an equivalent con-
trol action signal common to all phases:

O, (beq,p(n) <0
qb(n) = (beq(n) 0 S ¢eq(n> S Dcrit,P/2 (422>
-l)crit‘,P/2 ¢eq,P(n) > Dcrit,P/2

It must be denoted that the saturation of each phase must be done individually
to take advantage of the maximum power that each one can provide.

Following the process described in Section 4.1.1, the equivalent control action
common to all phases can be calculated. Using (3.9) instead (3.4), the three phase
common equivalent control action can be obtained:

\/g V Vbat \/3vbat - 64OOLN fsw26(n) —48LN fsw Zm - 3Ubat
48Ubat

¢eq,3ph - = (4'23>

The control loop of Figure 4.16 is implemented in the microcontroller of the
low power prototype shown in Figure 2.39.
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Figure 4.16: Control diagram of combined converter and PMSM using the propor-
tional control based on sliding and an integrator.

The control loop is implemented in a C2000 microcontroller and incorporates a
proportional gain using the discrete time approach and a conventional integrator
to remove the error at steady state. Figure 4.17 shows the voltage variation with
a sudden change in current due to an increase in torque. Despite the 33% rise of
the torque, the sliding-based proportional control acts quickly while maintaining
the bus voltage while the added PI control action contributes to eliminate the
stationary error.



UNIVERSITAT ROVIRA I VIRGILI
STEP UP AND DOWN CONVERTER COMBINED WITH MOTOR INVERTER FOR POWERTRAIN APPLICATIONS
Ivan Ruiz Erni

4.3. CONCLUSIONS 95

Vb

ia; ib: i

Timebase-53.2 ms| Trigger  EIES
20.0 ms/div Stop 400A
10MS  50MSis Edge Posilve

Figure 4.17: Measured combined converter and PMSM main voltage and current
waveforms after a torque perturbation of 33 %. The PMSM operates at 1000
rpm, absorbing 300 W and wvy,;=100 V. Bus voltage v, (100 V/div) and the phase
currents flowing to the motor: i, i, and i, (5 A/div).

4.3 Conclusions

This Chapter presents bus voltage regulation of the converter detailed in Chapter 2
by varying the phase. A direct digital proportional control has been realized using
the discrete time model of Chapter 3 and employing sliding design procedures. To
cope with the stationary error, a slow digital PI loop is added and tuned using the
redisign approach strategy. Both controls were validated experimentally showing
a good rejection against disturbances at input battery and loads changes.
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Chapter 5
Efficiency optimization

In Chapter 4, variable ¢ is used to control the bus voltage, but as shown in (2.20)
other variables can regulate the output power and hence v,. In this Chapter,
fsw regulates the output voltage and a second slower control loop which varies
¢ is added to find the point of maximum efficiency. Since this chapter presents
an optimization, the proposal has not been proved using a three phase converter
with a PMSM as load. Instead, it has been validated with a dual active bridge
converter, shown in Figure 5.1 and re-configuring the prototype in Figure 2.35.
The main difference is that the energy required by the load is absorbed directly
from the bus capacitor and not from the mid point of the inverter.

(o, ’ ’ _’O
CDC,i Ori Iﬂlgsf J_CDC,SI o ¥

Ci
— Vo

+

Cuc P E - |_ CDc 52
QPZ ﬁ 52
o T T o

Figure 5.1: Dual active bridge schematic.

5.1 Digital controller design and experimental ver-
ification

This section develops a digital control based on the transfer function obtained from
the procedure of Chapter 4. Substituting the parameters of Table 5.1 in (3.71) and

dividing the gain by two due to the difference between full-bridge and half-bridge,
the following transfer function is obtained:

97
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Table 5.1: DAB Equilibrium point parameters.

Parameter| Value
Vin 200 V
U 200 V
0] 0.1
dq 0.5
do 0.5
fsw 45 kHz
N 1
L 20 uH
Ry 240 mS?
c, 150 uF

Rioad 40

72015(s — 8.069 x 10°)
(s + 166.5)(s2 + 5.136s + 8.171 x 1019)

Gofou(s) = (5.1)

It is important to remark that, due the calculation of the First Fourier harmonic
for obtaining the DAB model, equation (5.1) presents high-frequency modelling ef-
fects in form of resonance and non minimum phase dynamics. The high frequency
resonance is placed at the switching frequency and the right half plane zero rep-
resents the delay in power output transmission, which is related to dyT%, plus ¢.
However, these high frequency effects are far away of the useful frequency range of
a small-signal model, which is below a half of the switching frequency, and usually
are not taken into account for control purposes. The obtained transfer function is
represented in the Bode diagram of Figure 5.2. In this Figure, it is also possible to
observe a perfect agreement between the frequency representation of the obtained
analytical model and the obtained by simulation using Matlab /Simulink.
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Figure 5.2: Frequency response of Gy, (s). Solid line: Analytical model results.
Asterisks: Simulation.

5.1.1 Controller design

A design based on digital redesign is proposed, where a continuous controller is
initially designed and then discretized. Since the controller is discrete-time, a delay
tq occurs between the sampling instant and the update of the control action. This
delay is represented by the transfer function:

Gdel(s) == e_tds (52)
So, the new continuous plant with the included delay results in:

Gofondel(s) = Gug,, (8)Gael(s) (5.3)

A PI controller to ensure output voltage regulation and zero steady-state error
is proposed as follows:

—1 S+ wr

Gels) —
) = GGl s

) (5.4)

A simple design process of this PI is done choosing the crossover frequency w,
regarding the desired Phase Margin, setting w; one decade below w, and adding
the gain needed to ensure loop gain 0 dB crossing at w,. This is done dividing by
|Gy fo et (Jwo)| that represents the magnitude gain of (5.3) at w,. Once the G,(s)
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is obtained, it can be discretized using the bilinear transform which maps the left
half of the complex s-plane to the unit circle in the z-plane:

Ge(z) = GC(S)|S=T%§H (5.5)

where T} is the sampling period.

5.1.2 Simulation and experimental results

In order to show the model utility, a digital PI controller is designed following the
procedure described in Section 5.1.1. A loop gain crossover frequency of 1000 rad/s
its sufficiently below of the minimum switching frequency and gives a conservative
Phase Margin value around 90°. As explained in Section 5.1.1, the zero of the PI
is placed one decade below the crossover frequency, i.e. w;= 100 rad/s. The gain
of the controller is adjusted to achieve 0 dB loop gain crossing at w,= 1000 rad/s,
thus giving 1/|Gy,., det(jwo)|=63 dB, as can be seen in Figure 5.3.
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Figure 5.3: Frequency response of G.(s).
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Table 5.2: Controller parameters.

Parameter | Value
We 1000
wr 100
ta 33.33us
T, 6.67us

The open loop gain, G, (s) of the system, defined as
Goi(s) = Ge(8)Go 1., (8)Gaer () (5.6)

is represented in Figure 5.4 using the parameters of Table 5.2.
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Figure 5.4: Frequency response of converter gain loop.

From Figure 5.4, it can be seen than the phase margin is around 90° ensuring
the stability of the system.

The continuous controller is discretized using the Bilinear transformation with
a sample time T}, that ensures that all the poles are located inside the unit circle
of the z-plane. The discretized controller, G.(z) is implemented in the prototype
shown in Figure 5.5, which is based on Table 3.1 and is based on the reconfiguration
of the prototype of Chapter 2. Selected semiconductors are STW70N60DM2 and
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the magnetic components are made of ferrite N87. The control is implemented in
a FPGA from the Artix-7 family.

UNIVERSITAT
ROVIRA VIRGILI

Figure 5.5: Converter prototype.

Figure 5.6 compares the response obtained by simulation with the experimental
response to a 25% increase in the output voltage reference. Experimental and
simulation transient behaviors agree and show the system is able to reach the new
set point with zero stationary error.



UNIVERSITAT ROVIRA I VIRGILI
STEP UP AND DOWN CONVERTER COMBINED WITH MOTOR INVERTER FOR POWERTRAIN APPLICATIONS
Ivan Ruiz Erni

5.1. DIGITAL CONTROLLER DESIGN AND EXPERIMENTAL VERIFICATION103

300

250 1 ///f
200

v, (V)

100

50 -

| | | | | | | | | )
0 5 10 15 20 25 30 35 40 45 50
Time (ms)

(a)

imebase 0.0 ms| Trigger GIES
5.00 msidiv Stop 2050V
100kS  2M3/s Edge Posiive

(b)

Figure 5.6: Voltage reference variation. (a) Simulated. (b)Experimental. From
top to bottom: Output voltage v, (50 V/div) and input voltage v; (50 V/div).
Timescale (5 ms/div).

Experimental and simulated time responses for 25% of load perturbation are
presented respectively in Figure 5.7. Both experimental and simulation transient
behavior agree again, showing the system is able to recover again its zero out-
put voltage error stationary state, validating the theoretical predictions and the
feasibility of the controller.
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Figure 5.7: Output voltage response to load perturbation of 25%. (a) Simulated-
(b) Experimental. From top to bottom: Output voltage v, (50 V/div) and output
current i, (5 A/div). Timescale (5 ms/div).

Similarly, Figure 5.8 shows how the regulator presented in the previous sub-
section is able to maintain the output voltage in the presence of a 25 % variation
in the converter input voltage.
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50.0 Vidiv 20.0 msidiv Stop 1700V
-100.0V ofst 10MS 50 MSfs Edge Megative

Figure 5.8: Output voltage response to iput voltage perturbation of 25%. From
top to bottom: Output voltage v, (50 V/div) and input voltage v; (50 V/div).
Timescale (20 ms/div).

5.2 Maximum efficiency point tracking

As it has been seen, when varying the switching frequency using the controller
designed in previous section, it is possible to regulate the output variable relatively
quickly in front of load disturbances and reference changes. This leaves free the
control variable most commonly used in this topology, the phase shift ¢. This
variable could be left fixed at a value that guarantees the full range of operation,
but taking advantage of this additional degree of freedom, the aim is to improve
the efficiency of the converter.

5.2.1 Converter losses and control motivation

Previous works [50, 51| describe how the conduction loss is dominant in the total
power loss, which implies that the overall system efficiency can be improved re-
ducing the RMS value of i1 () or the input current 4;,(¢). Thus, the minimization
of I rms can be adopted as the optimization objective. Consequently, the reactive
input current is reduced. It is important to note, that switching looses are less
dominant since ZVS exists during turn on, while at turn off, they are compensated
by a lower switching current. The inductor current analysis of Chapter 2 is valid
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if (2.2), (2.3),(2.4) and (2.5) are substituted by:

ngo + (1 — dl) NUi

miL’l = LN (57)
. (dg — 1)UO+(1 — 1d1)N/UZ
m,LQ = LN (58)
—(1 —dy)v,/N — dyv;
mir,s = ( 2)/2/ 10 (5.9)
dov, /N — dqv;
M4 = % (5.10)

In such way, the voltage gain is now adapted to a half-bridge.
Once inductor current slope is obtained, instant inductor current i (t) can be
determined as the initial current iz (nT%,) plus the increment Aiy(7):

’LL(t) :’LL(nTsw)—i-AZL(T) (511)
Nip1(1) 0<7 < T4
) <
AiL(T) _ AZ.L,Q(T) (stw <T= lesw (512>
AZL,S (7—> lesw <T S (d2 + ¢)Tsw
AiL,ZL(T) (d2 + qb)Tsw <T S Tsw
where
AZ.LJ(T) = miL,lT (513)
Aipo(T) = min 10T s + Mino(T — ¢Ty) (5.14)

Nip3(1) = Mir10Tsw + mir2(di — @) T+
+ ming(T — lesw) (515)

Nip (1) = mip 10T 5 + mir2(di — ¢)Tsw+
+ miL73(d2 + 925 - dl)Tsw + miL’4(T — (¢ + dQ)Tsw) (516)

As , the value that makes the average current equal to zero corresponds to iz, (nTy,)
during each switching period: With iy (¢) calculated, the input effective current can

be obtained as:
| T 1/2
Linrms = / ir(7)% dr (5.17)
Tsw dl,Tsw
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which by solving the equation and substituting d; and dy by 0.5, results in:

B V02 + (—64n ¢ + 48N ¢* — 2n) vy, + N2 v;2

Tinrms = (5.18)
8V6L | ful |l

Input power P; can be calculated as the current flowing through the inductor
multiplied by the applied input voltage at the first inductor terminal:

1 Tsw ) 1
(Por. = 7 /0 0p(0)in() dt = o (By+ By + By + ) (5.19)
where
(bTSU/
E1 = / Uz(]- - dl)ZL(T)) dr (520)
0
d1Tsw
E2 = / Uz<]- - dl)iL<T) dr (521)
d)TS’LU
d2+¢Tsw
E3 = / —UidliL<T) dr (522)
d1Tsw
TS’UJ
Ey = / —vidyin(7) dr (5.23)
d2+¢Tsw

Assuming high efficiency, the output power P, equals P; and equating d; to ds:

(¢ + (—2d* + 2d) ¢) viv,

TN (5.24)

<P0>Tsw =

By solving for the variable fy, in the previous function and substituting in (5.18),
Iin.rms can be rewritten as:

B | P, | \/vo2 + (—64¢3 4+ 48¢2 — 2) v;v, + v;2

[in rms 5.25
’ 26 262 — ¢| viv, ( )

Using the parameters of Table 3.1 in equation (5.25), Figure 5.9 is obtained.
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Figure 5.9: Iy, yms variation depending on v, and ¢.

It can be seen that for the same P,, the effective input-current can increased
or reduced depending on v, and ¢. While v, is tightly regulated to achieve the
voltage reference setting, ¢ can be modified to reduce the effective input current.

By making three cuts at different voltages in Figure 5.9, Figure 5.10 is obtained,

where the existence of an optimum ¢ value for each voltage that reduces the
effective current in the system can be seen in more detail.
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Figure 5.10: Detail of I;, ;s variation.

It is important to note that when v; = Nuv,, the optimum ¢ value would be
almost zero and switching frequency to maintain P, results too low. This would
imply the use of large volume magnetic components and the loss of ZVS. For
this reason, a minimum switching frequency, fsy min must always be considered,
which is also translated into a minimum phase shift, preventing the magnets from
saturating due to excess current and ensuring ZVS.

5.2.2 Maximum efficiency point tracking strategy control
loop

As demonstrated in previous subsection, the efficiency of the topology can be
improved reducing I;, »ms by varying ¢. Finding the optimal ¢ value would involve
solving the derivative of ¢ and equating to 0 in equation (5.25), which results in
an equation that is difficult to implement. A possible solution would be to use a
look up table, but due to component tolerances, switching losses and variations
caused by thermal effects, the actual instantaneous optimum point would not be
reached. To simplify and ease the computational cost and hardware required to
perform the measurement, taking into account the analysis of Section 5.2.1 and
the relationship:
Po + I2 Rloss

Iin _ in,rms 526
v,~ (5.26)
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where capital letters represent the average values and R, the overall loss resis-
tor, the following method is proposed. The maximum efficiency point tracking
(MEPT) intends to establish a secondary control loop that slowly varies ¢ to find
the optimum operating point of the converter by reducing the averaged current
consumed at the input [;, and ensure ZVS while maintaining the power delivered
at the output. In other words, modify ¢ to minimize equations (5.25) and (5.26).
For this aim, it is proposed to use the Perturb and Observe method, a widely
known technique that has proven its effectiveness in the solar energy sector and
improved in [52,53]. In this technique, a small perturbation is applied to provoke
the input power variation. With a given period, the phase shift is modified and
the evolution of the current at the input is observed. At the end of the cycle,
if the filtered input current [;, is lower, ¢ is varied again in the same direction.
Conversely, if I, is higher than in the previous cycle, ¢ is varied in the opposite
direction in this cycle. Consequently, the RMS current will evolve to the corre-
sponding minimum current point, marked with a black point Figure 5.10. It is
important to note that when there is a change in ¢, f,, varies to maintain reg-
ulation at the output. A large ¢ step is a large perturbation that the regulator
must correct varying ¢ which may create oscillations in v,. Therefore, the increase
or decrease in the phase shift step should not be too high to maintain v, without
ripple. By solving for f, and linearising (5.24), the variation of fy, as a function
of ¢ is obtained:

. (Di=D*-0)WV,

Jow = LP,N

(5.27)

Using (5.27), it is possible to know how much f,, will vary with a small change ¢.
In addition, this control is in charge of maintaining the ZVS operation and ensure
that the operation point is able to deliver the required output power, so ¢ should
never be less than a certain value, ¢,,;,,. It is important to maintain the ZVS
condition to prevent switching losses from increasing significantly. To guarantee
ZVS in all semiconductors, the anti-parallel diode must conduct and discharge the
MOSFET capacities before it turns on:

i(t = Tow) < —Ipuin (5.28a)
i(t = (¢ + d2)Tow) < —Lonin (5.28b)
Z(t = lesw) > Iin (528C)
i(t = ¢Tu) > Lonin (5.28d)

L,in Tepresents the minimum required current to discharge the parallel capacitance
of the switching devices. Detailed information about ZVS capacitances discharge
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can be found in [32]. Rewriting (5.28) and substituting (5.24), it is obtained:

(bmin >

;

\

. NUin7U0+SIminLNfsw

4v,
N'Uin_'Uo_slminLNfsw
ANv;p
_ NvinfvofslminLNfsw

4v, (529)
Nvin —vo+8Imin LN fsuw
ANV
VUi/Uo1/ViVo—32L P fsu,minn4vivo

4v;v0

where fg, min 1s the minimum allowed switching frequency of the converter. The
maximum value of ¢ from equation (5.29) must be selected as the low saturation
limit, ¢, to ensure ZVS in all transistors. The control steps described above are
summarized in the flow diagram in Figure 5.11.

Iin(k'l)= in(k)
Calculate ¢,

Figure 5.11: Maximum efficiency point tracking control flowchart.

5.2.3 Experimental MEPT validation

Figure 5.12 shows how once the equilibrium point is reached, the phase control
starts to act and reduces the input current by about 15%.



UNIVERSITAT ROVIRA I VIRGILI
STEP UP AND DOWN CONVERTER COMBINED WITH MOTOR INVERTER FOR POWERTRAIN APPLICATIONS
Ivan Ruiz Erni

112 CHAPTER 5. EFFICIENCY OPTIMIZATION

0.0 ms Trigger AR
200 msidiv Stop 650A
10MS 5ms/s Edge Negative

Figure 5.12: Effect of maximum efficiency point tracking control on 4;.From top to
bottom: Output voltage v, (50 V/div) and input current i; (5 A/div). Timescale
(200 ms/div).

Once the optimum point in Figure 5.12 has been reached, the converter wave-
forms can be seen in more detail in Figure5.13. In it, it can be observed that
the stage operates in ZVS fulfilling equation (5.28). It is also important to note
that the final phase shift match the expected value in Figure 5.10, since ¢ is at
the minimum allowed value given by (5.29), 0.056 for fsu, min=25 kHz. Similarly
occurs when v,=250 V as shown in Figure5.14. Equation (5.28) is also fulfilled,
ensuring ZVS and ¢ results 0.085, matching with the optimum value obtained in
Figure 5.10.

Timebase 0.0 us] Trigger  CHIGEH)
0.0 psfdiv Stop 360V

10.0p
200k8  2GSIs Edge Negafive

Figure 5.13: Measured converter main waveforms: P,=1 kW, v;=200 V, v,=200
V. Yellow trace: Primary side voltage v, (50 V/div). Magenta trace: Secondary
side voltage vs (50 V/div). Blue trace: Inductor current iy, (10 A/div). Green
trace: Output current i, (5 A/div). Timescale (10 ps/div).
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Timebase 0.0 us| Trigger  EIES)
500 psidv Stop 350V
100kS  2GSIs Edge Negative

Figure 5.14: Measured converter main waveforms: P,=1 kW, v,=200 V, v,=250
V. Yellow trace: Primary side voltage v, (50 V/div). Magenta trace: Secondary
side voltage v, (50 V/div). Blue trace: Inductor current i, (10 A/div). Green
trace: Output current i, (5 A/div). Timescale (5 us/div).

Figure 5.15 compares the efficiency between the conventional phase shift method
and the proposed one at different input voltage levels. The improvement in effi-
ciency is most noticeable as the stage moves away from its optimum operating
point, for example an output voltage of 200 V. At the optimum voltage ratio, the
proposed control presents a significant improvement over the conventional one at
high currents.

98
eee@ <+ 200 V conventional
e ) ()0 V MEPT
==%==-150 V conventional
g 97 —X — 150 V MEPT
= ————y 4‘7“'..
Q 6 Teeeeest” ®%e0s, o
5 R rrrorey === e, ot
5 e T e Hommmmeeee X
E % P e ~
m 96 " ..‘~-_
=" X
95
450 550 650 750 850 950 1050
Output power (W)

Figure 5.15: Efficiency comparative of the conventional ¢ control and the proposed
MEPT control.
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5.3 Conclusions

Chapter 5 presents the regulation of bus voltage using the phase shift as control
variable. In this chapter, the bus voltage is regulated varying the switching fre-
quency. Additionally, using the phase shift, a second slower control loop is added
to find the point of maximum efficiency. By experimental verification the pro-
posal was corroborated and an improvement around 0.5% efficiency was achieved

at critical operating points.
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Conclusions

This thesis is based on the improvement of the electric vehicle powertrain system
thanks to the introduction of a DC-DC converter between the battery and the
inverter of the permanent magnet synchronous motor. This converter regulates
the bus voltage of the inverter, increasing the battery voltage and improving the
efficiency of the system thanks to the reduction of the current for a given torque.
The most commonly used topology is the boost converter. Although this is an easy
to implement stage, it has high losses, especially switching losses. These losses
increase notably as the difference between the battery voltage and the bus voltage
increases, limiting the operating range of the converter. On the other hand, it
does not allow the bus voltage to be reduced below the battery voltage. The thesis
presents a novel converter that combines a step up and down stage together with
an inverter. The step up and down stage operates under soft switching reducing
the switching losses, in addition to reducing the RMS currents flowing through
the inverter switches by 10%. It is an isolated stage that thanks to a transformer
and the design process proposed in the thesis, allows to choose the optimal gain
of the system depending on the battery voltage and the bus voltages levels, being
able to operate in a wide range of voltages. Through experimental verification, an
improvement of up to 0.75% is observed with the proposed stage compared to the
conventional boost converter. In addition to the analysis of the proposed stage,
two models are included: one in discrete time and the other in continuous time.
From these models, transfer functions are extracted to control the bus voltage
from two control variables, phase shift and switching frequency. The transfer
functions obtained with either model and with Matlab Simulink are equivalent,
with the transfers functions calculated from the discrete model being the simplest
to operate and understand. From these models, a proportional control based on
discrete control techniques that allows a fast response to disturbances and reference
changes, and an integrator using conventional continuous control techniques are
elaborated. Finally, an alternative control based on switching frequency variation
to regulate the output voltage and phase shift variation to minimize the input
current, allowing to improve the efficiency of the stage is elaborated.
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