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1. Introduction

There are a variety of applications, for which it is necegsarcontrol the speed of
electrical motors like AC induction motors or synchronoustons. To do so, control
methods like U/f-control or field oriented control are usedd90]. These methods
determine the amplitude and frequency of the voltage tratdbe applied to the mo-
tor (e.g., 3-phase AC induction motor), so that it runs wiite tiesired speed. Power
electronic converters are used as an interface betweeefdremce voltage calculated
by the controller and the electrical motor [MUR89]. Pulseleimodulated (PWM)
power converters are widely used today. However, theiddatage si that they con-
tain high-frequency components [KWSO02], which lead to ageti noise around the
motor cables, reflections in the motor cable and accousigerip the motor. Extra
filters and screened cables are needed to cope with thoslempib

By transmitting sine-wave signals to the motor instead ofWPWodulated sig-
nals, the problems mentioned above could be avoided [J6id@] company NFO
Drives AB developed an alternative to PWM called “sinus shwitfor their frequency
inverters, that outputs sin-wave signals to the motor [8nBhe sinus switch con-
sists of a transistor half-bridge and an LC-filter. The tistioss are switched in a spe-
cial way, so that the voltage at the output of the LC-filter barsine shaped. Using
sin-wave signals instead of PWM modulated signals can thea snergy. This “si-
nus switch” is currently included in frequency inverterghie range of 3 — 15kW
using MOSFET transistors in the transistor half-bridgduded in the sinus switch
[J6n09].

For some applications, higher powers thanki® are needed. To develop the
sinus switch for those higher powers, IGBT transistors khée used instead of
MOSFET [Le090]. Since for IGBT transistors the range of shiitg frequencies
available is smaller than for MOSFET transistors [MUR8BE frequencies used to
switch the transistors in the sinus switch have be limitegoAsibility to reduce the
switching frequency of the transistors while still delivey power high enough is to
connect several modules in parallel, each comprised ohaistar half-bridge and an
LC-filter [J6n05].

One part of this thesis is to simulate the sinus switch diredih the help of
MATLAB and Simulink. The basic sinus switch as describedJitn88] is simulated
for one phase of the motor and extended according to [JoMBE.extended version
of the sinus switch is tested in the simulation whether isthasxpected behaviour.
Its inductor currents are synchronized for certain openatanges of the motor und
unsynchornized for others. The seconds purpose of thistisds test a synchroniza-
tion algorithm for those unsynchornized cases presentglibitd5] and, if necessary,
modify it. Furthermore, a third purpose is to analyze thecwcircuit including the
extension and synchronization and find out some constrimintee operation.

Although the sinus switch is supposed to be used with AC itidaanotors, in
this thesis one phase of a DC-motor is used for the simukatiBar the purpose of
this thesis, a DC-motor is sufficient to test the functionafghe sinus switch and
analyze its behaviour.

The basic sinus switch circuit as presented in [JOn88] isride=d in Section
2. The model of the DC-motor used for the simulations is dgwed in Section 3.
The simulation model for the basic sinus switch [J6n05] igettged in Sections 4
and 5. A voltage control loop including the capacitors of it circuit is developed
in Section 5. The connection of two modules as simulated in gairallel and the
synchronization are discussed in Section 6. In this secttso constraints of the
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modified sinus switch like non-exact synchronization argl ffect of inaccurate
inductances are tested with the help of the simulation. Ackmion of the work is
given in Section 7.



2. The Sinus Switch

This chapter gives a review on the basic Sinus Switch cieudescribed in [J6n88],
[J6n05] and [J6n09]. First the setup is given and then thetifom is explained. Sim-
ulations, further development and analysis are based srtittauit.

2.1 Setup

Figure 2.1.1 shows the setup of the basic switch circuit.nglsi phase of the con-
verter is considered. The switch circuit consists, as in PVdiMa transistor half-

bridge, connected to a DC-link with the voltage/ . In parallel to the transistors
TR; andTR; a free-wheel diode is connected. As seen in figure 2.1.1rdnsistors

are assumed to be ideal switches in this thesis [MUR89].

|
e o— current | P
comparator

E 0— voltage J 1>
comparator s

Figure 2.1.1 The switch circuit

The switching of the transistors is controlled by a contami¢, whereas the
switching frequency of the transistors is variable. Theti@ogic consists of a cur-
rent comparator, controlled by a reference curigptand the current through the
inductorL, and a voltage comparator, controlled by the bridge voliagat the out-
put of the transistor bridge, a LC-filter is connected. Thieffiserves several tasks. It
isolates the bridge and the load current from another. Thetidge current can go
to zero, although the load current has a value unequal to 2és0, switching tran-
sients occurring in the transistor bridge are isolated frloenoutput and the transistor
bridge is protected from electric transients coming froedhtput. Furthermore, the
output voltagdJy: of the switch circuit is already filtered through the LC-filtso
that it has, for example, a sinusoidal shape. Though, theesbithe output voltage
is dependent on how the control logic controls the switclihthe transistors.

2.2 Operation

The shape of the output voltage is dependent on the induatoert |. Therefore,
the shape of the inductor current is described first, befrpta@ing how the output
voltage results from it.

To explain the operation of the switch circuit, a constafémence current;es
at the current comparator is assumed. Figure 2.2.1 showshtye of the inductor
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Figure 2.2.1 Bridge voltageE and inductor currenit

current and the bridge voltage. Three cycles of the indumtarent are shown in the
figure.

A cycle starts with the inductor current at zero and the upersistorTR; in
figure 2.1.1 being switched on whileR; is switched off. Thus, the bridge voltage is
E = +V for a positive reference current at the beginning of a cyeldch leads to a
rising inductor current. One cycle can then be divided into four intervals.

During the first interval, the inductor current is smallearththe reference current.
The current comparator compares those two currents anthketsansistoiT R; be
switched on. Transistof R, is switched off. Therefore, the bridge voltage is now
E = +V, so that the voltage over the inductaricés +V — Ug, Which is positive
sinceV > Ugy. Hence, the inductor curremtrises. An ideal inductor is assumed,
hence the current rises linearly.

At interval two, the current comparator sees, that refexengrent and inductor
current are equal and turns the transisi&; off.

During the third interval, the inductor current | has to gother way afterT Ry
got turned off, since it cannot stop abruptly. It now flowsotigh free-wheel diode
parallel toT Ry, while TR, remains closed. Now the bridge voltagéis- —V. There-
fore, the voltage over the inductankes in the opposite direction compared to inter-
val one and the inductor currehtlecreases.

In interval four, the inductor current reaches zero. The€idoes not close when
the current is zero, because of its reverse recovery clearfiehi92]. It stays open
in negative direction until its reverse recovery chargeeached. Then, the diode
closes and the current is forced through the upper freedvdiwae. Again, the current
through the inductor cannot stop abruptly. The bridge galtis pulled up te = +V
by this. The voltage comparator realizes this rising edgthefbridge voltage and
switches on the transistdmR; again, so that the the bridge voltage stays at the positive
value and a new cycle starts with the interval one.

2.3 Equivalent Circuit

To see how the output voltadé,; of the switch circuit looks like dependent on
the inductor current, an equivalence circuit for the LC-filter at the output of the
transistor half-bridge can be calculated. For detailedutations see appendix A. For
both cases that the bridge voltagecis= +V andE = —V, the equivalence circuit is
a basic LC-circuit as shown in figure 2.3.1, with the inductlnand the capacitance
2C.
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E 2C —— Uout

O—

Figure 2.3.1 Basic, ideal LC circuit

It can be seen in this figure, that the output voltbigg results from [KSWOO:

Uou (t) = %/I(t) dt.

Therefore, appart from the constant, the output voltagelteefrom integrating the
inductor current. In the case with a constant referencesntiras described above, the
output voltage would rise linearly containing a ripple. kdgut the ripple, the output
voltage would be the same as when integrating the average wdilthe inductor
current, which is half the reference current.

Different shapes of the output voltatlg,; can now be obtained by changing the
reference currentes. A higher or lower reference current leads to a longer ortshor
cycle time for the inductor current and therefore to a smailebigger switching
frequency of the transistors. Limits in the switching fregay limit also the available
range of reference currents. In order to get a certain, ettshape of the output
voltageUq, €.9. sinus-shaped, a voltage control loop is closed artumdwitch
circuit. The voltage controller determines dependent endisired voltage and the
output voltage how the reference current has to be in ordgetdhe output voltage
the same as the desired voltage. For details to this seesttampt



3. The DC-Motor

The mathematical model of the DC-motor needed for the sitioms is derived in
this section. Furthermore, this model is implemented in®MJAB and Simulink.

3.1 Design and Basic Principle of the DC-Motor

A DC-motor is an electric motor, that is driven by direct @nt. It converts electrical
energy into mechanical energy.

stator
air gap

field winding

armature windings

Figure 3.1.1 schematic sketch of a DC motor

It consists of a stator, which generates a static magnetat difestrengthB us-
ing permanent magnets or electromagnets. In Figure 3.1.dtarwith two poles is
shown, where the poles are composed of electromagnetds limésis though, a per-
manent magnet DC-motor is assumed, which has a constantetiafeld. A rotor,
that can turn around its longitudinal axis, is located iagtuke stator. Armature wind-
ings are arranged in slots around the periphery of the retrh winding consists of
two conductors. Several windings in one slot make up a coihat there are several
coils along the perimeter of the rotor. The beginning andethe of each of those
coils are connected to commutator brushes of a commutatercdmmutator is not
shown in figure 3.1.1. It is connected to the shaft of the rdtqeriodically reverses
the current in the armature windings, so that the torqueetda always acting in the
same direction on the rotor. More information about commirtacan be found, for
example, in [Leo90]. Since the windings are all connectedugh the commutator,
the coils on the rotor can be seen as connected in series.arbespplied with the
armature currenia through the commutator.

When the voltag&l is applied to the rotor through the commutator, the armature
currentl is flowing through the armature windings. Since the windiags placed
in a magnetic field, a force and a torque a generated, thatharrotor.

If instead the rotor is being turned around its longitudiags in the magnetic field,
the voltageUa is induced into the coils and can be accessed through the ataton

3.2 Mathematical Model of the DC-Motor

The voltage of the commutator brushes is the armature liiag that consists of
a voltage drop caused by the resistance of the mfor a voltage drop evoked by
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the inductancé. of the rotor, which is generated by air gap- and leakage fielad

the armature emf [Le090]. The emf is a voltage induced in tineature windings
due to the magnetic fielB . The armature voltage can therefore be described in the
following equation [FisO6]:

dl
UA:Uq+RA-IA+LA-d—tA. (3.2.1)

The emf can be calculated according to [FisO6]:

60
Uy = 4Npd —-
q PO

= kO w. (3.2.2)

Itis proportional to the flux and the speed of the motor. Sempermanent magnetic
DC-motor is assumed, the flulxis constant.

The torque on the rotor is dependent on the current througlatimature wind-
ings. A force is affecting the windings, which leads to a tm{Smio4]:

N-p
M = — 9]
T A

= k- ®D-la (3.2.3)
The acceleration torqud,, which in the difference between the torgueof the ro-

tor and the load torque applied to the motor, leads to rotaifdhe motor. According
to newtons law [Fis06] it is:

dw

Mag=M-M_ =J-—. 3.24
a L dt ( )
The constantg; andk, are equal [Le090]:
ki = k
= kl P = k2 - P
= K

Therefore equations (3.2.2) and (3.2.3) are now:

Uy = K-w (3.2.5)
M = K-la (3.2.6)

Transforming the equations 3.2.4 and 3.2.1 into the s-domiges the transfer
functions:

1

1
= MM (3.2.8)

This leads to the model shown in figure 3.2.1.
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|

—0O—> Ra+La-s

Figure 3.2.1 Model of the DC motor

3.3 Simulation Parameters of the DC-Motor

For simulating this model of a 2-pole permanent magnet D@mwith Simulink,
it is assumed that the motor has a rated powed®,cE 500/ and a rated voltage of
150v. The motor is assumed to have a rated speat ef 3000r pm.

For calculating the parameters of the motor needed in thelatian, the assumed
rated operation point is considered. This is when the matounning with its rated
speedh,, delivering the rated powd?, and using rated voltadd,, and rated current
In.

With the assumption, that the losses are small the resistasitage drop can be
neglected. Furthermore, the inductive voltage drop is gergll if the motor operates
in a stationary state. Then the const&ntan be calculated with equation (3.2.5),
since thera = Uqg = Up:

Un 150
= 30002
h - &5
Rated operation is considered to calculate the parameters.
The torque is connected to the power of the motor by its spesdf]:

Pn:Mno.}]og

The factor 09 is added, because the speed with rated load is assumed 084ef9
the speed without a load on the motor. The motor is assumealvio $0% efficiency.
The torque at the assumed spegdives the assumed powy. Therefore, the torque
can be calculated to:

500

— 2 ~1768Nm
3000-2¢.0.9

Mn

With the help of equation (3.2.6), the current necessaryhitorqueM = 1.768 can
be calculated: M

In = ?” — 3.536A.
The voltage drop over the resistBj is 10% of the input voltage to the motb,
since the motor is assumed to have an efficiency of 90%. Wit = 15V, the

resistorRa can be calculated to:

Ra= 219% _ 4240

In

10

\



3.4 Smulation Results of the DC-motor

A typical cut-off frequency of the transfer function (3.2i3 awp = 30Hz Depending
on armature resistor and inductance this cut off-frequésicy

-
The inductance of the rotor is then:
Ra 4.24Q
La=— = -———— =0.021H.
AT @ 30Hz- 21

In summary, the calculated parameters used for simulatiegDC-motor are
shown in table 3.3.1.

0.5 R| 4Q
J | 0.0005| L | 0.02H

Table 3.3.1 Motor data used for the simulation

3.4 Simulation Results of the DC-motor

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

0 ; ; ; ; ; ‘ ‘ =
o ol 02 03 04 05 06 07 08 09 1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

300 =
200
1001 — w[rad/s]

\ \ \ . . \

L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time [sec]

Figure 3.4.1 Input voltageU,, load torqueM,, motor currentip and speedo of the DC
motor

The DC motor was simulated implementing the model shown iaoréd3.2.1 in
Simulink with the parameters from table 3.3.1.

A step toUa = 150V is applied to the input of the motor atl0s. At that time, no
load is connected to the motor. A3, a load of INmis connected to the DC-motor.

In figure 3.4.1 it can be seen, that the motor current has aykak the voltage at its
input changes from 0 to 150 and goes back to zero once the voltage stays constant.
When the load is applied to the motor, the current gets a anhsalue unequal zero.
The speed of the motor goesdn= 300%, which equalsr = 2865r pm. The speed

11
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n is slightly lower than the desired speedrof 3000, because the parameters used
for the simulation have been rounded during their calootatWhen the load step
occurs, the speed of the motor decreases to a lower, consiaet

The results of this simulation confirm, that the motor modeledoped in this section

is realistic [Le090].

12



4. Simulating the inner loop for
the current

The inner part of the switch circuit from figure 2.1.1, whicashthe current of the
inductance as an output, is simulated in this section.

4.1 Simulation Setup

The inner current loop of the switch circuit is simulated earsin figure 4.1.1. Figure
4.1.2 shows the subsystem containing the control logic,pr@®d of current and
voltage comparator.

I_ret

|_REF O I_ret-l switch
E

¥

Figure 4.1.1 Simulation of the inductor current in the switch circle

For the simulation, it is assumed that the inductor is idieal,it has no iron and
copper losses. Therefore, it is simulated as an integraitbr awoltage at the input
and a current at the output. The voltage over the inductoigchwis the input to the
mentioned integrator, iE —Ugy. For developing the simulation model, a constant
voltageU is assumed instead of the output voltddg:. Therefore, the integrator
simulating the inductor has the the voltage differeBceU as an input.

The bridge voltageE can be+V or —V, which is determined by the logic in the
subsystem of the simulation model. This subsystem takegjittem value for the
inductor currentl¢f, the actual inductor currertand the bridge voltag& of the
actual time-step as an input and outputs a switching sigmalhie bridge voltage
Enex for the next step.

The switch behind the subsystem simulates transistorbdnalfe. It gets the
switching signal and switchds,e: to £V, depending on the output of the subsys-
tem.

For simulating the control logic, the behavior of the sinustsh is analyzed.
Therefore, the simulation model is developed from the bieinalvpattern rather than
from the physical functioning. The behavioral patternjiat from the explanations
in section 2.2, is as follows:

1. IfE =4V andles > |, thenEpe¢ = +V = | rises
2. IfE=+V andlg; =1, thenEne¢ = —V = falling slope ofl starts

3. IfE= -V andliet > |, thenEnee = —V = | falls

13
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4. f E= -V andl = 0% let — | = lref thenEpe¢ = +V = rising slope ofl
starts

Coimpare
To Constart1
| p— |

Figure 4.1.2 switching logic of the inductor current in the switch circle

The model of the control logic is shown in figure 4.1.2. It isrgmsed of logic
blocks, which are connected according to the behavioré¢atiescribed above.
The switching signal, which is the output of the subsystenset by an R-S-Flipflop
block provided by Simulink. If the set-input is set to one,thutput of the subsystem
is one. If the reset-input is set to one, then the output obthesystem is zero. The
switch that the output of the subsystem is connected to figuk.1), setE = +V if
the switch signal at the output of the flip-flop is one Bnd —V if it is zero. Thus,
the set-input of the flip-flop has to be set to one wkea +V is required and to zero
whenE = —V is required. Therefore, the results of the cases from thaetal
pattern are connected to the set- and reset-inputs throRghlarks.

So far, only positive reference curreits were considered. To include negative
currents the logic has to be extended. For negative currimgtdehavior follows the
following pattern, which is similar to above:

1. f E= -V andlief — | < 0thenEnee = —V

2. IfE= -V andliet — | =0thenEne¢ = +V

By comparing this to the case of positive currents, it candenghat the signs
have been changed. Therefore, the signals for the curnedtha Voltage at the input
of the subsystem are multiplied by the sign of the referenaeent. For positive
reference currents,’& at the output of the OR-Block connected to the reset-input of
the RS-flipflop means that the Voltageshould be—V in the next time step, since
the output of the flip-flop is set to zero. For negative cuseatl’ at the output of the
same OR-block is supposed to set the output of the flip-flop o thatE = +V. To
achieve this, the output of the OR-Blocks has to be invemedd; < O.

That is done by an extra logic circuit shown in figure 4.1.3e Thuth table for
this logic circuit is shown in table 4.1.1. It can be seent tha output of the OR-
block remains unchanged fows > 0. Forles < 0 the output of the OR-blocks is

14



4.2 Smulation Results

inverted. This is also the truth table of an XNOR function.nele, the output of the
OR-blocks and the sign of the reference current are contécteugh and XNOR.
This is implemented in Simulink as shown in figure 4.1.3.

\ lef >0 \ OR-out \ l.f >0 AND OR-out
0 0 1

0 1 0
1 0 0
1 1 1

Table 4.1.1 Logic for inverting the output of the OR-Blockslifs < 0, rearranged.

AND

Yy

AND

Figure 4.1.3 XNOR to invert the output of the OR-blocksligs < 0

4.2 Simulation Results

To simulate the model for the inner loop of the switch circaiteference current of
lref = +5 A and a constant voltage &f = 5V are chosen. The parameter for the
inductance used is = 80-10° H, based on the value from [J6n88]. The parameter
for the bridge voltage is chosen o= 1785V. By choosing the value for the bridge
voltage to this value, the rated voltagia = 150V of the DC-motor is 80% of the
bridge voltage. At this point, the rated operation of the onid supposed to be. The
simulation is done with positive and with negative refeeenarrent.

200 == = — — — — — — — — —
100+
0 Y
— |t [BO[A]
-100 —IBO[A] |
-200 — = | — — — — —J | —J | —
0 0.5 1 15 2 2.5 3 35 4 4.5 5
time [sec] %107
200 e T T T —
100 — | [BO[A]
— 1 [BO [A]
0 —EN]
-100[-
-200—— = = — —  — — —— — — —
0 0.5 1 15 2 2.5 3 35 4 4.5 5
time [sec] -5

Figure 4.2.1 Simulation results for the inner loop of the current circuit
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The inductor current, the reference curremiss and the bridge voltagg of the
simulations are shown in figure 4.2.1. The upper part of figu2el shows the results
for a positive reference current. The inductor currentsrigeearly whileg = +V.
When it reaches the maximum valljg, then the bridge voltage switchesle= —V.
After that the inductor current decreases linearly until it reaches zero. Then the
bridge voltage is switched & = +V again.

The lower part of figure 4.2.1 shows the simulation resultsafoegative reference
current. In this case, the currentlecays linearly while = —V. When it reaches
the reference value, the bridge voltage changes to itsiyposilueE = +V, so that
the currentl rises until it reaches zero. The bridge voltage is then $wicto its
negative value again. This shows, that the simulation ikimgrfor constant positive
and negative reference currents.

To test with a non-constant reference current, a ramp sigaslchosen. This ref-
erence signal crosses zero. The parameters for this siotukae the same as above

L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time [sec]

1001

-100~

o — ===+ UL i B9 U U i LY
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
time [sec]

Figure 4.2.2 Reference current and current through the inductor

with constant reference current. The only difference iat the reference current now
goes linearly down from-5 Ato —5 A. Figure 4.2.2 shows the results. It can be seen,
that the behavior is the same as for a constant referencentuBut since the refer-
ence current passes zero, the frequency of the currentgitiie inductor increases
when the reference current gets smaller. This means, thatttiching frequency of
the transistors in the current circuit increases as weltehlity, the switching fre-
guency of the transistors is limited due to e.g. switchimgtdelays. Therefore, there
should be set a limit to how much the frequency of the inductiorentl can increase.
This is done in the next section.

4.3 Hysteresis

To prevent the switching frequency of the transistors frattigg too high, a hystere-
sis is included. For that purpose a comparator with hystergs$ncluded in the real
circuit, as shown in figure 4.3.1. The resistanRgs andRy» can be chosen to adjust
the hysteresis.

Applying the rule of voltage divider leads to:

u—-Vi _ V1 —Vout
Ru1 Raz

Hence the voltage at the non-inverting input of the comjpard¢épend on the output

(4.3.1)
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4.3 Hysteresis

V2+—

Vout

u E v + | Vs_

|set Rl

—
Ro

Figure 4.3.1 The comparator with hysteresis

voltageVy: and the voltagey:

R w4t Rui
Ru1+Ru2 Ru1+Ru2

Vi Vou. (4.3.2)

ForV, < Vi, the output voltage of the comparatorVgt; = Vs, . The the voltage
at the non-inverting input is for this case:

Ru2 Ry
= . Vs, .
Ry1+ Rz UI+RH1+RH2 St

Vin (4.3.3)

WhenV, grows larger tharvyy, the output voltage of the comparator switches to
Vout :VS_.

ForV, > Vi, the output voltage i¥,: = Vs_. The voltage at the non-inverting
input is for this case:

Ru2 Ru1
— . Vs .
RitRiz ' Roit R S

Vi (4.3.4)

The output voltage switches backMg; = Vs, , whenV, gets smaller thawy,_. Since
Vs, > Vs_, this leads to a hysteresis as seen in figure 4.3.2 .

Vi ViH

\J

Va

Vs |

Figure 4.3.2 The Hysteresis
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Chapter 4. Smulating the inner loop for the current

The effect of the hysteresis is, that the signal to switchithiesistor at the value
of the reference current is given slightly later as withoygthresis. The inductor cur-
rentl changes its slope therefore at a slightly bigger absolutexthan the reference
current.

The advantage of the hysteresis shows when the refereneantpasses zero. The
frequency of the currentthrough the inductok can just increase until a value prede-
termined through the hysteresis. This prevents the triamsifom too high switching
frequencies. Furthermore, the simulation gets too slowwthe frequency of gets
too high.

current

Ramp1 |_REF2

oy > ] o
1_ret-l+2peilon epglon
- = Memanz Switch =

<
:

Figure 4.3.4 The hysteresis block in figure 4.3.3

In the simulation, the hysteresis is implemented by addisgnall constant to
the difference between the reference current and the oatprgnt. The sign of this
constant depends on the sign of the reference culygniThis will increase the ref-
erence current , which simulates the fact that the induatoreat| increases until
a value slightly higher than the reference value due to ttetengsis. The model for
the hysteresis is shown in figure 4.3.4. How this model isuidet! in the simulation
model for the inner sinus switch loop is shown in figure 4.3.3.

The results of the simulation of the inner sinus switch dtrcluding hysteresis
is shwn in figure 4.3.5.

5
time [sec] -4

Figure 4.3.5 Reference current and current through the inductor withengsis
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4.4 Internal feedback of the Output Voltage

It can be seen, that the frequency of the inductor culrérdreases until a certain
value when the reference currdpts approaches zero. The frequency stays at this
value whilel;s passes zero. When the reference current leaves the hystegisn
into negative currents, the frequency increases agais. Shtuws, that the hysteresis
is included in the simulation model as intended.

4.4 Internal feedback of the Output Voltage

So far, the voltagdJ has been added to the simulation as a constant. But in the
real circuit, the voltage over the inductor Bs— Uq, including the output voltage
of the sinus switclJy:. To simulate the output voltage, the model is extended by a
capacitanc€ representing the capacitors in the real circuit (compafigtoe 2.3.1).

In the s-plane, a capacitor is represented as an integrator:

U= 1. (4.4.1)

1
C-s
Therefore, an integrator block and a constérﬁre added to the model in the sim-
ulation. The output of this integrator, which represents tlutput voltagdJyy, is

fed back into the model as shown in figure 4.4.1. This intefeadlback replaces the
constant voltagé) .

Figure 4.4.1 simulink model of the current circuit with output voltagedfback

To simulate this model, the parameters for inductance, pewgply voltage and
hysteresis constant have been chosen to the same valueprasious simulations.
The capacitance has been chose@ te 1.2 mF, which is higher than is [J6n88], but
should be used for simulations because the voltage rippédisced more than with
a smaller capacitor. Figure 4.4.2 shows the result of thimikition. The upper part
shows the reference current and the inductor current. Taeerece current is constant
and changes sign frompet = +10 A to lef = —10 A when half the simulation time
has passed. Because of the hysteresis, the inductor chegits peak at-12 A.

The lower part shows the output voltadeg,, which is fed back into the switch circuit.
While the reference current is positive, the output volteges linearly including a

ripple, as mentioned in section 2.2. Whkg is negative, the output voltage falls
linearly, again containing a ripple.

This shows that the simulation including internal feedbatthe output voltage
works as intended.
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Chapter 4. Smulating the inner loop for the current

I ==
: | I

time [sec]

1.5F i . -

05 -

Il
0 1 2 3 4
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Figure 4.4.2 Reference current and inductor current in the current tirgith the output
voltage fed back.

4.5 Optimizing the Simulation Time

To achieve a real time of & minutes to simulate a simulation time oflD~* seconds,
some properties in Simulink have been changed in contrdketdefault properties.
The default solver calledd®45 has been used, where the parameters for maximal,
minimal and initial step size have been changentitumal step size = 1-10°, maxi-
mal step size=1-102 andinitial step size=1-10* to optimize the simulation time.
Furthermore, zero crossing detection has to be activatethérespective blocks.
Without activating the zero crossing detection the sinitatesult may be wrong,
because the solver is not able to detect discontinuitigseirsimulation [Inc09].
To accelerate the simulation, the simulation is run in Aecabr Mode. When using
this mode instead of the Normal Mode, the Simulink model &t firanslated into a
C-Mex S-Function (C-Code). Then, this S-Function is exedum Matlab to run the
simulation [Inc09]. Using this accelerator seemed to spgetthe simulation slightly.
Since despite all these changes of the Simulink propettesdal time for run-
ning a simulation of 110~4 seconds is still about.d minutes, an alternative model
for the current circuit is developed in chapter 4.6.

4.6 Alternative model for the Current Loop

To decrease the the real time needed for a simulation, a nfod#ie current cir-
cuit using less Simulink blocks than the model derived in gihevious chapters is
developed. The Simulink block diagram of this model is shawfigure 4.6.1.

The idea behind this model is, that the inductor current khdatermine when
the VoltageE changes sign. This is possible, because it is known fromethlecircuit
how the voltageE behaves depending on the inductor current. The model ddes no
simulate the physical behavior of the transistors switglsind the free-wheel diodes,
it rather simulates the behavior of the voltagedependent on the output current
of the circuit. The bridge voltagE is not used to determine the switching signal for
itself and thus there is no feedback of it in the model. Heggrathe reverse-recovery
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4.6 Alternative model for the Current Loop

| transistor bridge,
inductor,
voltage comparator

nnnnnn

Figure 4.6.1 Alternative model to simulate the current circuit

current is neglected, since it is possible to make it verylisi@n88]. Furthermore,
this model includes hysteresis as well, based on section 4.3

lout <lref +1¢ E=+V
—— 1
weo |5 Qe
lout > Iref +1¢
R
lou > 0

Figure 4.6.2 SR flip-flop that models the behaviour of the current circuit.

Assuming that the behavior of the bridge voltdgeepending on the output cur-
rent is known, the behavior of the current circuit can be netierith an RS-flip-flop.
The flip-flop is shown in figure 4.6.2. That it models the bebrwaf the inner part of
the sinus switch correctly is shown with the help of an examplgure 4.6.3 shows
an example shape of the reference curtgpt the output current,; and the bridge
voltageE. As already mentioned in section 2.2, each cycle of the itwiwzirrent can
be divided in 4 phases, which are labeldd, (A), (2) and(B) here. Phasé€l) is the
rising slope of the output current, pha@ the falling slope, phas@) is the point at
the reference current, where the rising slope changestiettatling slope and phase
(B) where the falling slope changes into the rising slope again.

A
E
Iref +1e Y
lout
S | —— t
1) 2 N(B)

Figure 4.6.3 An example of the behavior & dependent on th output current of the model.

(1): At the start of the cycle, the bridge voltageEis= +V. The inductor currenit
rises therefore. Itis> 0 andl < lyef + ¢ It is known that in this phasé (k) = E(k—
1), wherek is the actual time point anki— 1 is the previous time point. Comparing
to figure 4.6.2, it can be seen that in this phase both inputiseoflip-flop are zero.
Thus, the flip-flop keeps its output at the same value as inrénéqus time point, so
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Chapter 4. Smulating the inner loop for the current

thatE (k) = E(k— 1) is fulfilled.

(A): In this phase, the inductor current reaches the reterarurrent. The bridge
voltage has to change its sign from/ to —V at this point. Since it i$ > 0 and

| > lef + g, the signal at the set-input of the flip-flop is zero, while signal at the
reset-input is one. Hence the output of the flip-flop is reseeto, so that the bridge
voltage changes tB = —V.

(2): Since the bridge voltage in negative, the inductor entriis falling. It is again

| >0andl <l +1¢, asin phase (1), so that the output value of the flip-flop remai
unchanged at zero. The bridge voltage is therefore kdptat-V.

(B): In this phase, the inductor current passes zero. Thigénwoltage has to change
back toE = +V, so that a new cycle can start. Itlis: 0 andl < It + ¢ and thus the
set-input of the flip-flop is one and the reset-input is zellwe dutput of the flip-flop
is set to one again. So the bridge voltage is s& to +V.

This flip-flop has been implemented in Simulink using swikibeks, as seen in
figure 4.6.1. In this model, the Switch 1 determines the sigh@inductor current
and the Switch 0 decides if the output current is bigger oflemtnan the reference
currentl,es plus the current from the hysteresis logp Those two signals are then
connected through a plus sign similar to an AND function. Edtch 2 simulates
the flip-flop, which can be in “set”, “reset” or “keep outpuatd” mode. The output
value of Switch 2 is translated int&VV by Switch 3, which gives out the bridge
voltageE. Because the voltage over the inductor is the differencadet the bridge

4 5
time [sec] x107*

I I I I | I I
0 1 2 3 4 5 6 7 8
time [sec] X107

Figure 4.6.4 Simulation of the current circuit with the alternative mbde

voltageE and the output voltagdy, the output voltage is subtracted from the bridge
voltage. Multiplying this voltage difference b& results in the inductor currehtThe
inductor current is superposed by the current of the loade Hbe load is a resistor
with the resistanc&, so that the superposed load current)igg = %- Those two
superposed currents result in the output voltdge over the load through integration
due to the capacitors.

To simulate the model, the parameters are the same as ireclfagt No load
has is connected to the output for this simulation. As cargea & figure 4.6.4, the
simulation results are similar to those in chapter 4.4. Tifferénce is however, that
the simulation takes less time than with the previous model.

For further simulations, the model developed in this secigoused, since it is
less complex and thus easier to handle and to oversee fbefuektensions.
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5. Simulating the Outer Loop for
the Voltage

This chapter describes, how an outer voltage control loguded around the inner
sinus switch circuit to control the output voltageg,; of the sinus switch.

5.1 The Voltage Controller

To control the output voltagee,, an error amplifier is introduced before the sinus
switch circuit [MUR89], which takes the desired voltddg: and the output voltage
of the current circuitUy as inputs. The amplifier is shown in figure 5.1.1, with
general input voltaged,; andU,, and a general output voltagik.

Cor Rs
Ry .
o l:| Iy
Ua1 Re
U + Up

Figure 5.1.1 The operational amplifier for voltage control of the switétcait/motor.

For this operational amplifier circuit, the output voltaggedepending on the input
voltagedJ, andUg; is:

1+Txa-s U 14+Ts-s

Up = Ua2.
With Tey = Ry - Cop, Tez = Ro-Cop and Tz = R3 - Cop
The last equation is equivalent to:
1+ T3-S Ta1
Up=—"—(|—=FU —Ua | . 511
o= ((72uee) - v (5.1.1)

If now the reference voltadéd,e; and the output voltage of the sinus switch circuit
Uout are chosen to:

Uout = Ua_'L
T
Uref = —T_z;‘UaZ
R
— _ﬁl.uaz7 (5.1.2)
2
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Chapter 5. Smulating the Outer Loop for the Voltage

the operational amplifier circuit gives a transfer functitimt takes the difference
between the reference voltage.; and the output voltage of the current circuiy
as an input and can thus be used as a controller for the moliaageo Equations
(5.1.1) and (5.1.2) together then result in:

B 1+Ta-s

U

(Uin—Uout)o (5-1-3)

Equation (5.1.2) can for example be realized by an invedimglifier [KSWOO].

5.2 The Voltage Control Loop

Using a voltage controller as shown in the previous sectibrantrol the output
voltage of the sinus switch current circuit leads to a blackuit as in figure 5.2.1.

lout

Uret 1+Tes's lvef Uout

1
- S Tcl RO

1
sC

NI

Uout

Figure 5.2.1 The voltage loop.

The true inductor current has a sawtooth shape. Therefeeaverage value of
the inductor current is half its peak value. For the switch circuit, the peak valtie
the inductor current is always the value of the referenceeotiplus the hysteresis.
For the purpose of analyzing the voltage control loop, thstdngsis is neglected.
The average value of the inductor curréig then half the reference currdpt;. The
current circuit is thus replaced by the constérﬁtbr dimensioning the voltage control
loop.

The open-loop transfer function of the model in figure 5.8:1 i

1 14Te-S

L(s) =35 PR C (5.2.1)
This gives an approximate bode diagram as seen in figure. 3zar2low fre-
guencies the transfer function has the behavior of a doulbdgiator, thus the bode
diagram for low frequencies has a slope-af0 ﬁ‘ie. For high frequencies the trans-
fer function behaves like a single integrator. Hence thesljmdt for high frequencies
has a slope of-20 de%z?de' The intersection point of those two asymptot@sand the

intersection of the high frequency asymptote with® w, can be calculated to:

1 T
= — and =
Ta “2= 3T RC

Wy

When the desired open loop characteristics of the voltagie éwe given through
the frequenciesuy; andwy, the parameters in the transfer function 5.1.3 can be deter-
mined as the following:

Te3

= 2 ReC and Tg=

1
T _
cl
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5.3 Smulating the Voltage Loop

dB

Figure 5.2.2 Approximate Bode diagram of the voltage loop.

The resistoRy gets chosen to e.g. 400 After calculatingT; andTez according
to the equations above, all parameters for the simulatierkaown. Also, from this
the values for the resistors in the operational amplifiezuiirfrom figure 5.1.1 can
be determined. The values chosen for the simulation mighbeaealistic, but for
the purpose of this thesis they are sufficient. Importane laee stable dynamics of
the voltage control loop to be able to use it for further siatioh. The optimization
of the voltage controller is not part of this thesis.

5.3 Simulating the Voltage Loop

First, the voltage control loop is simulated with a constafré instead of the current
circuit. The parameters shown in table 5.3.1 are used. Thelisk model is imple-
mented according to figure 5.2.1.

The simulation results are shown in figure 5.3.1. As the esfes voltagedJ,e, a

L | 80-10°H || V | 150V
C 1.2 mF Ro | 400Q
W 1000 w, | 3000

Table 5.3.1 Parameters for simulation of the voltage loop.

step from OV to 5V has been chosen. No load is connected to the output. Figure
5.3.1 shows the reference voltadgs and the output voltag8e in its lower part.
The output voltage settles at the value of the referencagelin steady state with
a settling time ofts = 3.6 ms. It needs a rising time df = 0.45 ms. The overshoot
of the output voltage is approximately 16% of the referenaiéage. For real appli-
cation this overshoot is too high, but for this thesis it iffisient to have a stable
behaviour. The dynamics could be optimized by, for examplaeasing the differ-
encew, — wy. This would increase the phase margin of the voltage coldop. The
Damping inchreases when the phase margin inchreases [JWEM, increasing the
differencew, — wy would lead to a smaller overshoot. However, this is not pithe
thesis.

For further simulations the reference voltage should bé&icesd to a maximum
value, so that the output voltage in spite of its overshoasdwot exceed the bridge
voltage E. This is because the switch circuit only works properly foitput volt-
ages smaller than the bridge voltage. Also, the dynamicseobtitput voltage might
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Chapter 5. Smulating the Outer Loop for the Voltage

change, when a load is connected to the output of the switchiti
The upper part of figure 5.3.1 shows the reference currerteo$witch circuit and
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Figure 5.3.1 Simulation result to a step on the voltage loop.

its inductor current. Since the switch circuit is substtutwvith a constant o% for
this simulation for reasons mentioned above, the induaiareat is always half the
reference current. The reference current has an oversii@é A when the step of
5V of the reference voltage occurs and settles at zero curgain after 35 ms. This
is as well too high for real applications, but for this thesificient. By choosingw,
smaller, the overshoot in the reference current shoulcedser.

According to this simulation, the voltage control loop ialse.

5.4 Simulating the Voltage Loop Including the Current
Circuit
Now the current circuit according to section 4.6 is addedhéovoltage control loop.

In the model as shown in figure 5.2.1, the cons%aiﬁ exchanged with the model of
the current circuit. The Simulink model is shown in figure.b.4

|_ref 1
' & s
s
|
current

Gainl Integrator U_out

LOAD

Figure 5.4.1 Simulink model for the voltage loop including the model foetcurrent circuit.

The parameters used for simulating the outer voltage loe@mgain those from
table 5.3.1. For the current circuit, the hysteresis issett 2. In figure 5.2.1, a load
Ris connected to the output of the switch circuit. For thisidation though, no load
is connected to the outpuR(— ).
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5.5 Smulating the Voltage Loop with a DC-motor as Load

-10 i i i i i
3

time [sec] -3

-2 L L L I I

3
time [sec] %107

Figure 5.4.2 Simulation results for the voltage loop including the madelthe current cir-
cuit.

Figure 5.4.2 shows the simulation results. The dynamic\iehg similar to that
with a constant instead of the current circuit. The refeeeaarrent, shown in the
upper part of the figure, has an overshoot of caA3@hen the step in the refer-
ence voltage occurs. It settles down to zero after & &s, when the output and
reference voltages are approximately equal. As expedtedotitput current of the
circuit, which is the inductor curreit is sawtooth shaped having a maximum value
of the reference current plus the hysteresis. The lowergidigure 5.4.2 shows the
output and reference voltage. As a reference voltage, astg8ly is applied to the
voltage loop. The output voltage settles down affer 3.8 ms. The rise time here is
t- = 0.42 ms and the overshoot is ca. 17% of the reference voltage. Alhaff is is
comparable to section 5.3.

This means, that even with the current circuit included, ibkavior of the voltage
control loop is stable and sufficient for this thesis.

5.5 Simulating the Voltage Loop with a DC-motor as Load

After doing a basic dimensioning of the voltage control l@oql testing it with the
current circuit, a DC-motor is added to the output as a lo&glire 5.5.1 shows the

A
U_ref Transfer Fenl Gain

motor current [ omega_Motor  M_ext

Load Step

motor speed

Figure 5.5.1 Simulink model for the voltage loop including the model fhetcurrent circuit.
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Chapter 5. Smulating the Outer Loop for the Voltage

model used in Simulink for the simulation. The model of the-BGtor is that devel-
oped in section 3.

The parameters used for the simulation are the same as imehieys sections.
For the motor, the parameters used are those from sectionedinput signal to the
voltage loop is a pulse signal with an amplitude of mnd a period of M3 sec. At
0.02 seconds, a load step of\Nin is applied to the motor This is a very big torque
for the used motor, but it helps to emphasize the effect ofquiapplied to the DC-
motor. The results of the simulation are shown in figure 5.5Hs figure shows the
reference current and output current of the switch cirguits first, most upper part
and the reference voltage and output voltage of the voltagaa loop in its second
part. Furthermore, it shows the current and the speed of Gweibtor.

— 7
T T T — A — Iref A
50
0
0 0.01 0.02 0.03 0.04 0.05 0.06
T T T T T
5he o e H
{ - Uref A
0 — Uoul (Al
-5 I Vg | | I A~
0 0.01 0.02 0.03 0.04 0.05 0.06
15
10- =
51 i
0 [——motor current [A]
L L L L
0 0.01 0.02 0.03 0.04 0.05 0.06
0 T T T
— motor speed [rad/sec]
50+ 4
_100 Il Il Il L
0 0.01 0.02 0.03 0.04 0.05 0.06

time [sec]

Figure 5.5.2 Simulation results for the voltage loop including the mofdelthe current cir-
cuit with a dc motor as load.

It can be seenin figure 5.5.2, that the behavior of the mo&imdar as in section
3 for each pulse, also for a negative input voltage. When e &f the reference
voltage changes, the reference current of the currentichies an overshoot, since
the output voltage has to be adjusted to the reference wlBerause of the tuning of
the voltage controller in section 5.2, the output voltagesdoot follow the reference
voltage immediately, as already seen in the previous sedimce the output voltage
Ut Of the sinus switch changes a lot slower than its referenttag® the motor
current does not have as high peaks as the reference cutmmever, it can be seen
that the motor current rises when the voltage pulse is pesifihis is described by
equation (3.2.7). According to equations (3.2.8) and 63,2he motor speed results
from the motor currents from integration.
The load step applied to the motor decreases the speed obtioe (@quation (3.2.8))
and therefore increases the motor current (equationsbj3afd (3.2.7)). In order to
keep the voltage at the desired value, the voltage contrioiéeeases the reference
current for the switch circuit.

Simulating the voltage control loop including the curreintwait with a DC-motor
as a load leads to the expected behavior of the motor.
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6. Adding a Slave Circuit

In the previous section, a single current circuit has beed ts provide the load at
the output with voltage and current. The switching freqyericthe transistors in the
transistor half-bridge changes with the output voltage thedeference current. The
optimal range for this switching frequency is between 10 2M&Hz [J6n09], which
limits the power range that can be used. To extend thosesliseveral switch circuits
can be connected in parallel. Each switch circuit conneittgmirallel increases the
output current, whereas the switching frequency of eactsistor can be kept in the
limits of 10 and 20 kHz.

This chapter describes how a second current circuit is adaden parallel with
the one described in section 4. A time shift between the twladtor currents is im-
plemented, which can reduce the ripple of the output voltegehermore, a method
to synchronize these two inductor currents for all voltagd eurrent combinations
is introduced. Also, the effect of non-exact synchronaatand inequal inductances
are analyzed in this section.

6.1 The Slave Circuit

The slave switch circuit is connected in parallel to the miastvitch circuit as shown
in6.1.1.

+V
oo eurent | B
|
o— D W

[T o 1

E, o— voltage t———>—] T
comparator o
-V éJout
+V
J E2 p—
O0— voltage >
B compa?ator > -V
L
- -V

Figure 6.1.1 The switch circuit with a master and a slave module in parglin05]

Slave and master module consist of identical componentigivare those from
section 4. They are comprised of a transistor half-bridgeneoted totV and a in-
ductor delivering current to the output. By connecting tive modules in parallel
as shown in figure 6.1.1, the inductor currents of both madabid up to an output
current. Both parallel modules share a common pair of cémacialso connected to
+V. Those capacitors are the same as in sections 2 and 5.

The modules get the same switch-off signal for the transiftom the current com-
paraor, but the switch-on signal is given individually f@ach module by the volt-
age comparators. Similar to the previous section, the mastéslave module get a
switch-off signal for their transistors, when the induatarrent of the master circuit
reaches its reference value, shown as si§{ain figure 6.1.1. The switch-on signal
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Chapter 6.  Adding a Save Circuit

is generated by the voltage comparator of each module wherdiictor current goes
through zero.

Lloait ‘

current Ioad
comparator

R

Pl P1

Trer . | 5 (" b T u :
i u u 'y :

Master

\ e voltage

| N

—

I Slave

Figure 6.1.2 The switch circuit with a master and a slave module in pdrafiedeled in
Simulink.

Figure 6.1.2 shows how the switch circuit including mastea alave module is
modelled in Simulink. The basis for this is the model for therent circuit from
section 4.6 as seen in figure 4.6.1. The part taking the medereurrent and the in-
ductor current of the master module as an input and havingigimal P, as an output
represents the current comparator. It determines whetleenductor current of the
master module is equal to the reference current and outpisténformation as the
signal P,. Both master and slave module use this signal. Everything@ril except
the current comparator part is copied to make up the mastethenslave module.
The inductor currents of those two modules, the master aawé slurrent, are then
added together with the load current. This total outputeuris then integrated by
a capacitance that equals the combined value of the two bogpacitances shown
in figure 6.1.1. According to section 2.2 they can be mergaahtocapacitance. The
integration of the output current by the capacitance leadse output voltag&oy: .

As seen in figure 6.1.2, the master module is operated in adllo®p system,
since its inductor current is fed back through the curremgarator. The feedback
results in a stable operation of the master module. The stedrle in contrast does
not have a feedback. It takes the output of the current compaas a switching
signal. Therefore, the slave module operates in open-loop.

Simulation with the Slave Circuit

For testing its functioning, the described model is simadatith a constant reference
current ofl,ef = 1 A. No internal feedback of the output voltadgy is used, to show
the effect of a slave module in parallel to the master modUife voltage used by
master and slave module is set to a constant vall¢ ©f110V instead of feeding
back the output voltage. Since there is no load connectediotid current here is
zero. The value of the hysteresis is sette 0.001.

Figure 6.1.3 shows the switching sigiflin the upper part, the master current in
the middle part and the slave current in the lower part. Itmeeen, that master and
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6.1 The Save Circuit

slave current have the same shape. The fjlseggers both to change from positive
to negative slope. The slope of the master and slave cumsettianged internally
by the modules themselves when the currents reach zeromidusls the individual
voltage comparators.
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Figure 6.1.3 The switch-off signalP, and the currents of the switch circuit's master and
slave module.

Since there is no internal voltage feedback and no load cteddo the switch
circuit, the voltage rises linearly with a constant refeeenurrent. The output voltage
is shown in figure 6.1.4, when only the master module is acive when master
and slave module are active. It can be seen, that the outfiageds higher for the
second case although the reference current is the sametfocdes. in both cases,
the voltages are not smooth, but contain a ripple. This istdutbe fact, that the
current integrated by the conductor is not constant, bamgpillar shaped.
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Figure 6.1.4 Output voltages of the switch circuit with only master madahd with master
and slave module.
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6.2 Time Shift for the Slave Circuit

The inductor currents of the master and slave module argguilar shaped. With the
setup described in section 6.1, both currents are in phaseghiey reach the reference
current and zero at the same time. This leads to a higher outfiage as in the case
without the slave module. Since the two inductor current$ @eo the total current
are triangular shaped, the output voltage will not be smathcbntain a ripple, see
section 6.1.

The slave circuit can also be used to reduce the ripple of thpub voltage
[J6n05]. To do so, a time delay is introduced between thedtwdiwcurrents of the
master and the slave in such a way, that the maximum of the slarrent is half
way between two maxima of the master current in the case oflane module. This
corresponds to a time shift of half a switch cycle. Figure®shows the principle of
this Idea.

|Master

I Save

ltotal leiay

t

Figure 6.2.1 Time shifted currents of master and slave module and thedoteent.

The solid line in the upper part of figure 6.2.1 is the masteduhes current and
the broken line the slave modules time shifted current. Thewes pointing on the
tops of the currents indicate when a falling edge of the retspeswitch-off signaP;
or Bs occurs. The signdbs is the switch-off signal for the time-shifted slave current
which is generated frofg;. Adding up the two currents gives a total current as shown
in the lower part of figure 6.2.1. The total current is not sthobut the amplitude is
smaller than in the case without a slave module. Integrahiggcurrent through the
conductor then leads to less ripple compared to the caseowlgha master module.

The Time Shift

A time shift between the two inductor currents as descrildea/@ can be obtained
by a time shift between the switch-off signdsandPs for the master and the slave
module [JBn05]. The master module still gets the switchsigfhal P1 as before. The
slave module now receives the signal P5, which is deriverh fioe signal P1 by
time-shifting it half a switch cycle. Figure 6.2.2 shows hitig time-shift is done by
using a digital circuit.

An XOR inverts the signal P1 in case the reference curkgptchanges sign.
ThenP; is synchronized to a clock signal by a synchronizer. Thelssorized signal
P1 resets a counter at every falling edge of the clock signakesihe falling edge of
P, falls together with the time that the inductor current rezcthe reference current
Iref, this counter counts the time for one switch cycle. The pBisgses again at the
next time instance. On this rising edge, the value of the tarua stored in a buffer.
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Figure 6.2.2 Time shifting the turn-off signal for the slave module. [06h

That way the value of the time for one switch cycle is storethabuffer. A decoder
generates the time value for the time-shift from the timeofug switch cycle stored in
the buffer. In the case of only one slave circuit, the buffdue is divided by two, so
that the output of the decoder is the time for half a switcHey& comparator takes
this value and compares it to the actual counter value. Thagadge of the pulse
P5 is given out by the comparator when the counter value ialéquhe value for
half the switch cycle. This signal is the time-shifted sWitaff signalPs for the slave
modules transistor that triggers the inductor current ingfe to a negative slope.

Simulink-Model for the Time Shift

The realization of the time shift as described in sectioniB.3imulink is shown
in figure 6.2.3. To invert the signal P1 when the referenceecti,; is negative,

Figure 6.2.3 The time shift realized in Simulink

the sign ofl.e is multiplied with the signalP, provided by the current compara-
tor (see section 6.1). To synchronize this signal, a zederenold block provided
by Simulink is used. By discretizing the signal P1, it getacdyonized to a clock
running with the sample time used for the discretizatione Tigitalized and syn-
chronized signal P1 is connected to the reset input of a eaufihe clock input of
the counter is connected to a clock with double the sample &mits period. Since
the counter counts upwards at every falling and rising edg@eclock signal, it
counts up one at every sampling instance. A falling edge eftimchronized signal
P1 resets the counter. That means, that one time step bef@ts reset, the output is
the the time for a cycle of the master current.
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Chapter 6.  Adding a Save Circuit

The falling edge of the synchronized P1 also triggers th&ebtd store the value con-
nected to its upper input. Because of the unit delay blockéen counter and buffer,
this is the counter value at the previous time instant. Atitne step the falling edge
of the synchronized P1 occurs, the counter gets reset toQerihe value at the time
instance before that is the counted time for the switch cycle
The buffer outputs the time for one switch cycle. This outpalue is multiplied
by 0.5, which represents the decoder. The decoded value is tmepaced with the
counter value of the previous time instance. This is becéuseénput value of the
buffer also contains a delay of one time instance. Like this two values compared
by the comparator originate from the same time point. Theparator determines
whether its two input values are equal. If they are, then @meparator gives out’d’.
At the next time step the comparators output changes baokrto Zhis causes the
switch behind the comparator to change its value froib @ —0.75 and back. The
output of this switch is the signal P1 time shifted half thrediof the switch cycle,
giving the signal P5. But this signal is still a discrete sigwith the sampling time
that was used for the synchronization of P1. To transfornsidpeal P5 back into the
continuous domain, a unit delay together with a rate trammshlock is used [Inc09].
The continuous signal P5 is then multiplied by the sign of résference current to
assure a correct signal for the slave module also for negegierence currents.
This signalPs is used as a switching signal for the slave module, simild®, as
the switching signal for the master module. It triggers tlages current to change its
slope from positive to negative half way between the pealtsemaster current.

Simulation of the Time Shifted Slave Current

To simulate the time-shifted slave current described alibessimulation model from
figure 6.1.2 is extended by the time-shifting model in figu2 & The output of the
current comparator in figure 6.1.2 is connected to the inptiteotime-shifted model
in figure 6.2.3. The output of the time-shifted model is thenrected to the upper
part of the slave module in figure 6.1.2. The parameters usddd simulation are the
same as in section 6.1. The reference current is positiveamstant and a constant,
positive voltagdJ is used instead of internal feedback of the output voltage.
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Figure 6.2.4 Switching signal$®; andPs and master and slave currents of the switch circuit
with time shifted slave current.

Figure 6.2.4 shows the simulation results. The upper pamvshthe switching
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6.3 Synchronizing the Save Circuit

signalP; and its time shifted versioBs. It can be seen, that the puldgsare approx-
imately half way between two puls@s. Due to numerical reasonB; is not always
exactly in the middle between tw® pulses.

The slave module is activated after® © seconds. Since the start of the slave cur-
rent is not half way between two points where the master nuhiés zero, it changes
slope from positive to negative before it reaches the rate&reurrent. But the slave
current synchronizes itself to reach the reference cumadtchange its slope half
way between two maxima of the master current.
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Figure 6.2.5 Output voltages of the switch circuit with time shifted sawurrent.

Figure 6.2.5 shows the output voltage, which is again ligeasing due to a
constant reference current (compare to section 6.1). Cadpa the output voltage
when the slave current is not time shifted (figure 6.1.4), care see that the ripple
seems to be less now, as was intended for the time shifted slavent.

6.3 Synchronizing the Slave Circuit

This section treats the synchronization of the slave ctirren

Why Synchronization is necessary

As mentioned in section 6.1, the slave module is operategém-doop. Hence, it is
not necessarily stable during all operations and needs statdized through syn-
chronization.

Figure 6.3.1 [J6n88] shows the optimal slave current as éiremus line and the
non-synchronized current as a dashed line. It can be sesra time errott; in the
switching at zero current results in an erfdrfor the slave current. This current error
again leads to an errdg when the current reaches zero the next time. Depending
on the slopes of the current-triangles, the non-syncheshaurrent either stabilizes
itself or is instable. The current errdil dependent on the time errarsandt; is
[J6Nn88]:
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Figure 6.3.1 a) optimal slave current (continuous line) and non-synaizexd slave current
(dashed line); b) Zoom

Al = ——-t4

~E-U
~Al = 1
L 2

This can be derived from geometry in figure 6.3.1, where topes of the triangles
areE=Y for the rising slope an&Y for the falling slope.
Eliminating the current errakl in the equations above leads to:

E-U

= — .
1" EFuU

t (6.3.1)

In order to see how the error of the slave current in comparisats optimal shape
develops over time, equation (6.3.1) is examined for thitterdnt cases of the volt-
ageU.

e U = 0: The time errors are equal= t,. That means the time error stays the
same and the current eridt oscillates between a negative and a positive value,
while keeping the same amplitude.

e U>0:itis % < 1 and hencé& < t;. Therefore, both time error and current

error get smaller over time, so that the slave circuit sizdsl itself.

e U<<O:itis % > 1 and thereford, > t;. Since the time error grows over
time, the slave circuit does not synchronize itself in thigmting condition
and must thus be stabilized.
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6.3 Synchronizing the Save Circuit

In all the cases, it is assumed that the reference curremsisye. With a motor as
a load, this would correspond to motoring mode whén- 0 and to regenerative
mode wherlJ < 0 [J6n88]. In motoring mode, the switch circuit delivers @ovto
the motor. In regenerative mode, the switch circuit recepewer from the motor.
The latter is the unstable mode that needs to be synchronized

The Synchronization

The time erroit; can be eliminated, if the down-slope of the slave currentsstx
earlier [J6n88], see figure 6.3.1 b). Then, the down-slopth@flave current coin-
cides with the down-slope of its optimal shape. The tilhethat the down slope has
to start earlier, can be calculated in dependence of thedmoet;:

E-U
At=——
2E

1 (6.3.2)
The signalP; triggers the slave current to change its slope from positiveegative.
With the introduces time-shift, this happens half way betmgvo peaks of the master
current. In order to synchronize the slave current, thechivig signalPs is moved
by At from its original position, so that its down-slope falls édger with the optimal
down-slope.

In order to calculate the adjustment tifieas given in equation (6.3.2), the time
errort; between the optimal shape of the inductor current in theestéreuit and the
actual inductor current is needed. In reality this time camieasured by detecting
the rise of the bridge voltage when master and slave curasy pero.

To simulate the measurements of this time, the bridge vedtagthe master and slave
module and the switching signB| are used. Usin;, half the time for one cycle of
the master current is determined. The bridge voltage isubed to calculate the time
difference between the zero crossings of the master cuarahthose of the actual
slave current. Subtracting this from half the cycle timesgithe time error. A block
diagram of this calculation can be seen in figure 6.3.2. Then@u 1 starts counting

P]
Reset

- 1

clock Z
H \ 4

P f‘e‘ngfig Buffer 1 x

falling

Counter 2

o
E;‘\[asifr

clock
rising
S 3
ESiave|_edge Buffer 2

Figure 6.3.2 Calculating the time errdg for the synchronization

when the signaP; triggers the master current to change slope. At each fadlityge of
P1, the counter value of the previous time point is saved indouff which is the cycle
time. The output of the buffer is multiplied t%/ so thatx is half the cycle time. In
the optimal case, the slave current should hit zero half vedyéen two time points
that the master current hits zero. The difference betweeriites that master and
slave module go to zero in the optimal case is thus

The rising edge of the bridge voltage in the master cifEpilger Starts the counter 2.
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Chapter 6.  Adding a Save Circuit

Its value is saved in buffer 2 at the rising edge of the bridg&age in the slave circuit
Esave- Thus the buffer 2 saves the time differert{®etween the master current and
the actual slave current passing zero. This time differesutracted from half the

cycle timex gives the time errot;.
The signals used to calculatehave to change sign in case the reference cutggnt

is negative.

Simulation of the Synchronization

The synchronization part is added to the discretized pathefSimulink model,
which so far consists of the time-shifting model.

As described above, the tinft is subtracted from the precalculated value of the
time, that the signas should trigger the slave current to change slope. The amuati
(6.3.2) is implemented in Simulink as seen in figure 6.3.3.

Figure 6.3.3 The Simulink model for equation (6.3.2)

The time errott; can be determined according to figure 6.3.2, as describagabo
The implementation in Simulink is shown in figure 6.3.4. Tlwufe does not show
how the sign of the input signals is changed when the refersignal is negative.
This is done by multiplying every input signal by the sign loé reference current.

Clk
up  cnt

Rst Unit Delay

Counter

detect falling

o>
u=0

[E_master] & NOT P Rst
Uiz=0

Counterl

=)
=

Up  Cnt|

Detect Rise
Positivel

Us0
[E_slave] & NOT
Uiz >0

Detect Rise
Positive2

Figure 6.3.4 Calculating the time errdf according to figure 6.3.2

The output of the model in figure 6.3.4, which is the time etiois the lowest
input of the model in figure 6.3.3. The output of the model is flyure is the timét.
The signal forAt is an input to the time-shifting model in figure 6.2.3. It ib&acted
from the calculated time for the time-shift, which is theuttof the 0.5-block after
the buffer.

In order to test the synchronization algorithm, the mastel slave circuits are
simulated without the voltage control loop.
The reference current is chosentg = 1 A and the voltage has been set constant to
U = —110V instead of internal feedback of the output voltage. The taoidor the
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6.4 A Synchronization Algorithm Depending on Times

hysteresis has been setge- 0.001.

The slave circuit is started arbitrarily at the time1® © seconds. Simulating the
current circuit including master and slave circuit in thestafble mode without syn-
chronization leads to a non-synchronized behavior, assliwfigure 6.3.5. The start
of the slave circuit at an arbitrary time point leads to thst fiime errort;, which re-
sults in an error of the peak value of the current. This leadsrther time and current
errors in the slave current, which do not synchronize thérase

When the synchronization is added as described above, dhie surrent gets
synchronized as shown in figure 6.3.6. The peaks of the slavert are again half
way between two peaks of the master current.

It should be noted, that the synchronization does not work amymore, when
the reference current is in the range of the hysteresis.iBcg she slave module is, as
described later, only supposed to be used for bigger cuirenty the master module
is active when the reference current is close to zero. Therebynchronizing the
slave current close to zero reference current in the randgkeohysteresis constant
can be neglected.

6.4 A Synchronization Algorithm Depending on Times

The algorithm for synchronizing the slave current to theenirof the master circuit
as described needs the bridge volt&gef the master current and the the output volt-
ageUq to be available. In this section, an algorithm is presenteat,uses measured
times instead of voltages.

The times for the rising and falling slope and T, are used as well as the time
errort; to calculateAt. With geometry, the following equations can be derived with
the help of figure 6.4.1:

|0—|—A| T2—|—At

= 6.4.1

lo T ( )
lo+ Al Ty —At+tq

. e 6.4.2
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Figure 6.3.5 Switching Signal$; andPs; reference current, master current and slave current
unsynchronized
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Figure 6.3.6 Switching Signal$’, andPs; reference current, master current and slave current
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Figure 6.4.1 Alternative method to synchronize the slave current

They can be solved to:

T
At =1t 6.4.3
! T+ T ( )

In the Simulink model, this is implemented as shown in figudeZ The timesly,
T, andt; are calculated by the simulation as before. The tithés added to the
calculated time for the puldg; as in section 6.3.

CO—E)
™

&« x
T2 dt_sync

Figure 6.4.2 Alternative algorithm to synchronize the slave current.

The simulation results of this synchronization are the samia section 6.3. For
further simulations, this algorithm is preferred.
6.5 Activation of the slave circuit
This section describes, how the activation and deactivadifothe slave module is

done. Furthermore, a method to activate the slave moduhsynized to the optimal
case is implemented in the simulation.
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6.5 Activation of the Slave circuit

Activation Depending on Frequency

In order to keep the switching frequency of the transistorthe sinus switch in a
certain limit, the slave module should be activated whernréguency of the master
current falls under 1&Hz and deactivated when the frequency rises oveki2@.
For the purpose of simulations without internal feedbackhef output voltage, the
easier case that the slave module is activated when theeinegts under a certain
value fo¢ and deactivated when it is over this value is considered fiiste able
to implement this in the simulation, the frequency of the t@asurrent has to be
determined. For this, the calculation of the time for oneleyd the master current,
which is already implemented for the calculation of the timésee section 6.3), can
be used. The cycle time is inverted and divided by to get the frequency ikHz.
This frequency is then used to determine if the slave cirslituld be active. The
realization of this in Simulink is shown in figure 6.5.1.

enable=85

onfoff_t

by time

Figure 6.5.1 Part of the model that activates the slave circuit dependmthe frequency of
the master current

If the frequency of the master current is bigger than thevatitin frequencyfa,
then the leftmost switch gives ol and when the frequency is smaller théy,
then the same switch gives outlA An additional block gives outl’ after a certain
time has passed. Those two signals are added. If the fregaétioe master current
is smaller thanf,¢ and the predetermined time has passed, the output of thitoaddi
is’2'. Only then should the slave circuit be activated. Therefan®ther switch sets
its output to’1’ if this addition is greater than.3 and to’0’ otherwise. So the output
of this second switch i€l’, when a desired time has passed and the frequency of the
master current has fallen under a certain value. This isrthble signal for the slave
circuit.

This enable signal is then passed to the slave circuit. Wihemainges from zero
to one, it resets the integrator modeling the inductancehaothe inductor current
starts from zero. Furthermore, the enable signal enabkethuctor current to be
unequal to zero while it i$1’. When it falls back to zero, the slave current is set
to '0’. The signalPs for the slave circuit is also calculated while the slave uiirc
is not running, so that it can be used for further calculajdior example for the
synchronized switch-on of the slave circuit.

Synchronized Activation using P5

The idea of synchronized activation of the slave curremiQ&d is to start the slave
module at that time point, that the optimal slave currentld@noss zero. The block
model in figure 6.5.2 shows the method used.

A counter counts the time between two pulsgsThis time is compared to the
time T, of the master current (see figure 6.3.1). The comparatosgiue a pulse,
when the clock value is equal to the tirmig By setting the comparator output to
'l at the timeT, after the the last pulsBs, the slave module gets switched on or
off when its current would optimally get zero. This is beaaudke timeT, is the
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Figure 6.5.2 Synchronizing the start of the slave circuit, from [J6n05]

time the inductor current needs to fall from its peak valueem. The output of the
comparator is connected to the clock input of a D-Flip-Flopl ¢he enable signal
from the subsection 6.5 is connected to the data input. ThaubQ of the flip-flop
is changing to one, when the enable signal as well as the symhtion signal is
one. If the enable signal is zero, then the output of the fip-tihanges back to zero
again when the synchronizing signal gets one. With thisfuh@on and turn-off of
the slave circuit is synchronized to the synchronizatigmai.

The synchronized starting of the slave current is impleegirt Simulink as seen
in figure 6.5.3. The output signal seen in this figure is cotetketo the clock input of
a D-flip-flop. The data input of that flip-flop is connected te #mnable signal from
figure 6.5.1. A D-flip-flop block is available in Simulink. Theaitput of the flip-flop

is the new enable signal for the slave module.
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Figure 6.5.3 Synchronizing the start of the slave circuit, modeled in8ink

The timeT,, which can be measured in the real circuit, can be calculatethe
simulation from the pulsé; and the master circuit’s bridge voltage, as shown in

figure 6.5.4.
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Figure 6.5.4 CalculatingT,
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6.6 Switching Between Master and Save Module

Due to, e.g. numerical errors because of the sampling aedlatibns errors, the
pulsesPs might not be at their optimal position. In this case, the aiaied starting
point of the slave current is not the optimal starting poititer which leads to a time
error in the slave current. Then, the described algorithimsymchronizing the time
error of the slave current should minimize this error.

Synchronized Activation using P1

By using the pulsé®; for calculating the synchronization pulse for the startiyg-
chronization of the slave circuit, the problem with impeecpulse$s can be avoided.
The slave current should optimally cross zero in the middlie@ oycle of the master
current. This optimal point can be calculatede:
T1+T, 1 3

—Ti+=T
> 5 1+ 512
This is the optimal starting time for the slave current wigspect to the last pulse of
P.. It can be seen in figure 6.5.5, that this optimal time is theefil, plus half the
cycle time after the pulsB;, occurs.

tag = T2 +

U=>0
Master current optimal Ps P, Ly >0
Optimal slave current

LA

T T, cycle
Figure 6.5.5 Synchronizing the start of the slave circuit, alternativedel in Simulink

This activation is implemented in Simulink as shown in fig6t.6. The time
T, is calculated like in figure 6.5.4. The ting is calculated in a similar way by
exchanging the signal and the master modules bridge voltdggaster.

Figure 6.5.6 Synchronizing the start of the slave circuit, alternativedel in Simulink

This algorithm for synchronized activation is allowing tslave module to only
start synchronized with the optimal shape of the slave atirre

6.6 Switching Between Master and Slave Module

According to [J6n05], the switching frequency of the modusdould be between
10 kHz and 20kHz. When the frequency of the master module’s inductor current
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Chapter 6.  Adding a Save Circuit

drops under 1&Hz, the slave module is supposed to be activated. In closeaul-loo
with a voltage controller, the reference current will dropthis case, since the out-
put voltage is held at the reference value by the voltagerotert Consequently,
the frequency rises to its double value @9z and decrease as the reference current
increases. When it decreases again, the slave is deadtiwéien the frequency of
Imager falls under 2CkHz

Here, only the activation and deactivation of one slave neidobserved. The cases
when the frequency of the master current for activated diaeunder 10kHz and
when this frequency goes over RB z for deactivated slave is neglected.

The Frequency of the Master Current
The frequency of the master current can be calculated depénd the output voltage
and the reference current of the switch circuit. Figureloshows a sketch for one
cycle of the master current.

|Master
A

lo 4 — — — —

™t
T, 1

T1
Figure 6.6.1 Sketch of one cycle of the master module’s inductor current
In general, the voltage over the inductor of the master meoiul

diL(t)
ot

UL(t) =L

The voltageU, (t) is the voltage over the inductor and the currérit) is flowing
through the inductor.

For a constant voltage, the inductor current is rising lityegSWO0Q]. The slope
of the rising current can hence generally be expressed dsliwing:

d_ U
dt L
Comparing to figure 6.6.1, the rising slope of the inductomrent can be ex-
pressed as:
lo E-U
T L
since the voltage over the inductor is the difference betvtbe bridge voltage and
the output voltage. The bridge voltage is positive when fbpesis rising. For a
falling slope, the bridge voltage is negative:

(6.6.1)

Io (-E—U)

T L

- (EJLFU). (6.6.2)
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6.7 Smulation of the model

By solving equations (6.6.1) and (6.6.2) farandT, respectively, the cycle time
can be calculated:

L L
T=hth = gglhtgrgh
2E
-t

The frequency of the master current is the inverse of theeayile T

1 E U\?
fM:?:z.LJO'(l_(E) ) (663)

Figure 6.6.2 shows the level curves figf = 20kHz and fyy = 10 Hz dependent
on the reference current and the output voltage of the siwiiskscircuit. The level
curves are plotted according to formula (6.6.3) with thesamalues for the parame-
ters as for the simulation in section 6.7.

120

100+

fu < 10kHz

80

20kHz < fy < 10kHz

401

fy > 20kHz

201

I I I I I
0 20 40 60 80 [\,1]00 120 140 160 180
Your

Figure 6.6.2 Level curves of the master current’s frequerfgyfor 10 and 2kHz

The desired operation range for the frequency of the traorsiss between the
level curves in figure 6.6.2. Frequencies higher thakl28are not examined in this
thesis. Important is, that the slave module is activatednwthe frequency of the
master current drops to IHz, so that the switching frequency of the master and
slave module stays in the range of 10 andckBR.

6.7 Simulation of the model

In this section, the simulation results of the model so far strown. This includes
a master and slave current circuit, where the current of fdnee ircuit is shifted

as described in the sections above. For the synchronizatgmithm, the one from
section 6.4, that uses times instead of voltages, is usestafothe slave circuit, the
methods described in section 6.5 are used.
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Chapter 6.  Adding a Save Circuit

Current Circuit

First, only the sinus switch circuit is simulated withoué tvoltage control loop. Fig-
ure 6.7.1 shows the results for a simulation using a consttage of 10V for the
master and slave circuit instead of internal feedback obtitput voltage. The hys-

P
—Pyg
I |
i i
25 35

IMaster

0 0.5 1 15 2

l
Slave

0 0.5 1 15 2 25 3 35 4

Figure 6.7.1 Switching signals; reference, master and slave currehibwitinternal voltage
feedback

teresis constant is chosengo= 0.001 and the slave module is switched on, when
the frequency of the master current drops unfler 20 kHz. The reference current,
as seen in figure 6.7.1, is a slope starting at A@Ghd ending at-100A. The slave
current gets time shifted to have its maximum half way betwe maxima of the
master current. For both negative and positive currenesstive current gets syn-
chronized correctly. It gets deactivated for lower refeeegurrents, i.e. when the
master currents frequency is higher than the pres&t20

—UuV
U V], Ire' instead of switch circuit
U [V], Ire' [D.5 instead of switch circuit[|

2
time [sec]

Figure 6.7.2 reference, master and slave current without internal gelfeedback and out-
put voltageUout

With internal feedback of the output voltage, the referetuogent has to be cho-
sen differently. Master and slave module can only work atlyewhenUg; < V.
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6.7 Smulation of the model

Therefore, the reference current has to be chosen in sucly, dhaathe output volt-
age does not go over the valde/ for the bridge voltage. For testing purposes, a
sinusoidal signal is chosen as a reference current. Althouthis thesis a DC-motor

is used as a load, in general the switch circuit is supposetk with AC induc-
tion motors, which have sinusoidal current and voltage.ddesinusoidal signals are
tested in the simulation. A load helps further to keep theaga from getting too
high. Here, a resistor of.8Q has been connected to the output of the switch circuit
as a load. The results can be seen in figure 6.7.2. The hyistemsstant has again
been chosen te = 0.001. The slave module is active when the master modules in-
ductor current has a frequency lower thiag- 20kH z

As shown in figure 6.7.2, the slave current gets synchroniagtie master current
for both negative and positive currents. Around the zerssing of the reference
current, the frequency of the master current gets very Higheduce this switching
frequency, the hysteresis can be increased.

The output voltag®) is shown in the lower part of figure 6.7.2. Together with the ou
put voltage, two other voltage curves are plotted. The radecis the voltage after
the conductor, when the switch circuit is substituted bydbestant 1. If the switch
circuit is instead substituted by the consténthe output of the capacitor results in a
voltage shown by the green curve. With half the referenceeatirthe amplitude of
the voltage is only half as big as with the full reference entr It can be seen, that
the output voltag&y; follows the lower curve as long as only the master module is
active and the upper curve while the slave module is actigeac@ivating the slave
circuit results not only in reduced ripple, but also in dagbbutput effect.

The Voltage Loop Including the DC-motor

In this simulation, the sinus switch circuit is used togetwith the voltage control
loop loop. The DC-motor from section 3 is used as a load. Tisilation is done
with a load of 100Nmis connected to the motor during the firsDD seconds. After
that, the motor load is set to zero. The frequenaigandw;, for the voltage controller
are chosen toy, = 1000 andw, = 3000 (see section 5.2). The reference voltage is
chosen to be sinusoidal with an amplitude o¥/5@ should be noted, that the param-
eters chosen for the simulation might not be realistic, bifficsent for the purpose
of this simulation. Furthermore, sinusoidal curves areludsethis simulation, since
the sinus switch is supposed to work with AC motors.

For the switch circuit, the inductances of master and slaegit are as is previous
sections 8QuH, and the capacitor value has been set.fordF. The bridge voltage
has been chosen to 18/, so that a voltage of 150 equals 80% of the bridge
voltage.

Figure 6.7.3 shows the reference voltdfjgr and the output voltagdy of the volt-
age loop in its first part. The second part of the picture shin@geference current
lref Set to the switch circuit by the voltage controller and thépaticurrentlgy of

the switch circuit. The output currehiy is the addition of master and slave current.
The inductor current§yager andlgave Of the master and slave module are shown in
the third part of the figure. When the slave module is inag¢titgeinductor current

is shown as zero. The lowest part of figure 6.7.3 shows theiémey of the current
IMaster -

At the start of the simulation, only the master module isvactiAs the reference
current rises, the frequency of the master curigate decreases. When it reaches
10 kHz, the slave circuit gets activated. Since the voltage ctiatres holding the
ouput voltage at the value given by the reference voltage,réfierece current is
decreased. This results in an increase of the master carfeeguency. Once this
frequency exceeds ZHz, the slave module is tuned off again, which results in a
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Chapter 6.  Adding a Save Circuit

increase of the reference current. While the slave moduletige, the output current
lout does not go down to zero anymore. This is due to the fact, tleadtitput current
is the addition of the master and the time shifted slave otirre

When the slave module is activated, there is a small errdrdérottput voltage. This
is due to the fact, that the voltage controller should not &y Vast. With a faster
voltage controller, the reference current would be deeaso much, so that the
frequency of the master current rises ovelkPlx immediately. As a result, the slave
circuit would switch itself off again. Then, the referenegrent would rise again to a
value, where the frequency of the master current is lower 1%&H z, where the slave
module would get active again. This can cause oscillatidrieooutput voltage. In
worst case, the system can loose stability with a too fasagelcontroller.

Figure 6.6.2 can be compared to this simulation. In the sitiari shown in figure
6.7.3, the slave module gets switched on when the outpuag®lis approximately
50V and the current reaches a bit over 180In figure 6.6.2, the level curve for
fm = 10kHzis for Ug = 50V approximately ate = 110A. In the simulation, the
reference current falls down to approximately/A@fter activating the slave module.
In figure 6.6.2, the level curve folly = 20 kHzis atUq: = 50V slightly lower as
lref = 60A.

The motor used for the simulations has a rated voltage oV1Eee section 3). It is
assumed that the rated operation of the motor is supposesldb @8- E. Then, the
value of the bridge voltage M = 187.5 V. Comparing this to figure 6.6.2 it can be
seen, that dtlo,: = 150V the reference current for the switch circuit is between 20
and 40Afor 20kHz < fyy < 10kHz

50
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Figure 6.7.3 \oltages, currents and inductor frequency for simulatibthe voltage con-
trolled switch circuit with a dc motor as a load
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6.8 Non-exact Synchronization

In spite of the not realistic parameter assumptions, thisukition shows that
the sinus switch with the synchronization works as desiBstween (01 and 002
seconds, the reference voltage is negative while the refereurrent is positive. This
is the mode, where the slave current gets unstable withowahsgnization. With the
used synchronization however, the slave current is stalsleseen in figure 6.7.3.
Furthermore, this simulation shows that the slave module getivated so that the
frequency of the master current does not fall undekli@ and the slave module
operated in the range between 10 andkB as desired.

6.8 Non-exact Synchronization

The synchronization algorithm as described in sectionyhdlaonizes the slave cur-
rent immediately, i.e. a time error in the slave circuitsuabr current is set to zero
in one cycle of the inductor current. But because of e.g. migaleerrors during the
calculation ofAt it might happen, that the synchronization is done with ahslyodif-
ferent value. Also one might want that the synchronizatgnat done in one step and
therefore synchronize the slave current with a value diffefromAt. This and the
difference of exact and non-exace synchronization at teegmce of measurement
noise is discussed in section 6.8.

In this section, the non-exact synchronization is desdréed its constraints are
examined. Figure 6.8.1 shows an outline of the master cutesynchronized and
unsynchronized slave current. The black, solid line is tlaster current. The blue,
dashed line shows the slave current in the case of optima&hsgnization. This is
how the slave current should look like after synchronizatibhe green, solid line
shows the unsynchronized slave current. As an examplelahe surrent startt to
early compared to the case of optimal synchronization. kactesynchronization as
in chapter 6.4, the slave current gets synchronized ditand follows the optimal
case immediately. If non-exact synchronization is appt@dhe slave current, the
synchronization is done withr - At instead ofAt. In the case shown in figure 6.8.1,
itisO< a<1lin(a) anda > 1 in (b). The synchronized current following from
that is shown as a red, solid line. It reaches zero with a time & compared to the
optimal case. This time error depends on the value.dfhe error in the current peak
between the optimal case and the case of non-exact synzatiomi isAl’.

In oder to observe constraints for this non-exact synchgtiun, an expression
for t3 dependent ofiy, Ty, t; anda is developed. It is observed, for which cases the
non-exact synchronization is stable. It is stable, if theetierrort; goes to zero.

From figure 6.8.1 it can be calculated with geometry that:

|0—|—A|/ B t3+To+a-At B 1+ T — alt
lo T2 B T ’

Combined with equation (6.4.3), this results in:

t3=(1—a)- i 1. (6.8.1)
T2
With the help of this equation, the stability of the synchration is observed for
different cases of4, T, anda. In section B, the detailed calculations are shown. In
table 6.8.1 , a Summary of the results is presented. The shioles the dependence
of the stability of the non-exact synchronization for a sfie@ on the rise- and fall
timesT; andT, of the inductor current. Figure 6.8.2 shows the curve%on:

1
[1-a]
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Figure 6.8.1 master current, optimal slave current, slave current forexact synchroniza-
tion, unsynchronized slave current

H0<or<1 1<a<2‘a>2 ‘

To< 2T stable
T<T |2 Tat stable stable

|1E_a\T1 <T2<Ty unstable
To,=T stable stable unstable

1

11 < To < Ty || stable stable
T,>Ty |[Lat>2>1 unstable

T> g unstable | unstable

Table 6.8.1 Stability of non-exact synchronization dependingTenT, anda

over a. Comparing with table 6.8.1, it can be seen that the areaenthernon-exact
synchronization is stable is the area under the curve. Fabgwtions ofT; and T,
that lie above the curve for a specific the non-exact synchronization is unstable.
The red, constant line in figure 6.8.2 shoi{e?s: 1 to make it easier to compare with
table 6.8.1.

Since the slopes of the inductor current changes with thageU , the timesT;
andT; also do. Therefore, the condition for the synchronizatmgdt unstable in the
case of O< a < 2 can be recalculated in a condition for the voltaéor details see
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unstable

=1/1-0)

T2T1

Figure 6.8.2 Stability of non-exact synchronization depending on tBe-rand fall time§;
andT, of the inductor current

section B):
U [1-a|-1
J— < - @ @@
E [1-a|+1
The right hand side of equation 6.8.2 is drawn over alpha uréig.8.3. Since equa-
tion 6.8.2 states for which voltagés the non-exact synchronization is unstable, the
areas under the curve in figure 6.8.3 correspond to the dastabe. The area over
the curve is, in contrast, the area for which non-exact synghation is stable.

(6.8.2)

0.4 T

0.2

stable

unstable

unstable

I L i I
0 0.5 1 1.5 2 25 3

Figure 6.8.3 Stability of non-exact synchronization depending on thitgageU

For o = 0, the non-exact synchronization is unstable %JK 0, which corre-
sponds to the unsynchronized case when the slave curremdteshle for all fed back
output voltages smaller than zero. When= 1, the slave current is stable for all
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voltages—U until the value of the bridge voltage. This is the case of exact syn-
chronization. For all other values af, the current gets unstable for voltages between
0 and—E, depending on the value of. With non-exact synchronization, the range
of stable operation is reduced compared to the case of exach®nization, as can
be seen in figure 6.8.3.

Effect of Measurement Noise

With the help of a simulation, the effect of noisy measuretsi@m the timed, T,
andt; is investigated. Also, it is testet if it is possible to impeahe synchronization
at the presence of noise by usiagAt instead ofAt to synchronize the slave current.

One possible source of measurement noise could be becaasé\dD-converter
that is assumed to be used in practic to convert the measaredT;, T, andt; into
discrete signals. In the simulation, the time is samplethmi signal values are not
guantized. But in practice, an A/D-converter quantizesstheal values additional to
sampling the time, which leads to a quantization error dejpgnon the resolution of
the A/D-converter. The quantization error of an A/D-comgeis 1 LSB. Assuming
a resolution of 8bit leads tol1SB = %56 = 0.0039. This is approximately an error of
0.4 % of the total operation range of the A/D-converter. To aotdor other unknown
noise factors, the simulation is done with approximately bf%the total operation
rance of the A/D-converter.
The maximum operation range of the assumed A/D-converterdnia practice be
the maximum value of the signal to be converted. In this cdsemaximum values
for T, andT, should determine the maximum operation range. The maximaloey
that bothT; andT, can theoretically take is the value of the cycle tifne- T + To.
This is when either the up- or the downslope of the slave atitakes the whole
cycle timeT and the respective other slope takes place in zero secomupége e.g.
to figure 6.8.1). The cycle time, though, is dependent onhbedference current and
the voltageJ, which is supposed to be the output voltage of the systemuphand
downslope of the the synchronized slave current can be gsgulein the following
way:

et E—-U

Iref E +U
— = and— = ——.
T, L T L
From that, the cycle tim& = T, + T, can be calculated to:

T = Iref . L . %
From the last equation, it can be seen, that the cycle Timees when the reference
currentl,¢f rises and when the voltageapproaches the valieof the bridge voltage.
According to the formula, the cycle time would get ifinitiyddig whenU = E. But to
determine the maximum operation range of the A/D-conveatdinite upper bound
for T is necessary. If assuming, that not more than 99 % of the whofge folJ from
zero toE are used, the maximum value for the voltage can be 3&t+d0.99-E. For
the reference currenfes = 10 A is assumed. The frequency of the inductor current
would then bef = % = 2.3kHz which is alot under the supposed minimum okt
for the inductor current. The cycle time is th@n= 4.28- 10~ seconds. As stated
above, 1% of this assumed maximum value for the cycle timakist as an indication
for the amplitude of the measurement noise, whichig= 4.28-10°6.

Figure 6.8.4 shows the synchronization tidsecorrupted by noise. This is be-
cause in the simulation, white noise with zero mean and aweei of 500 samples
are added to the calculeted tim&s T, andt;. This leads approximately to an am-
plitude of 6: 10-® seconds of the noise 6, T, andt;. As seen in figure 6.8.4, this
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Figure 6.8.4 reference current, master current and slave current witlsteand non-exact
synchronization.

results in noise with an amplitude of approximately18-° around the synchroniza-
tion time At. That this is a little more than the calculated value doesnmatter for
the purpose here. The purpose of this section is to investifjan general the slave
current gets less effected by measurement noise when asiAginstead ofAt for
the synchronization. Therefore, the exact value of theenigisinimportant here.
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Figure 6.8.5 reference current, master current and slave current witlsteand non-exact
synchronization.

Figure 6.8.5 shows the results for this simulations. Thesuppart shows the mas-
ter and slave current with non-exact synchronizatiofdDand the lower part with
exact synchronization. As seen in the lower part of figure56 e synchronization
of the slave current can get effected by corrupted time nreasents. The peaks of
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the slave currents are no longer synchronized to the mideliwden two peaks of
the master current, but rather shifted away slightly fromrttiddle. Additionally, the
peaks of the slave current dont reach the reference valwgyexa

As can be seen comparing the upper part of figure 6.8.5 witHather part, the
pattern of the currents looks more regular in the upper pjdne. peaks of the slave
current are still not exactly at the reference current plstdresis, but they are syn-
chronized to the middle between two peaks of the mastermturre

According to this simulation, there is a possibility impiay the synchronization of
the slave current at the presence of measurement noise Mdg\iigrther investiga-
tion of this is necessary to make a general statement.

Even if non-exact synchronization improves the synchittion when measure-
ment noise is present, it remains the drawback stated eirlieis section. The more
the factora differs from 1, the less of the range<OU < E can be used to maintain
a stable synchronization.

6.9 Effect of Inaccurate Inductances

For all simulations in the previous section it was assumteat, the inductances for

the master and slave modules are exactly the same. Howleigeis hot necessarily

the case. The inductances can differ with%. In this section, the effect of non-equal
inductances is analized both in theory and in simulation.

Effect on Slave Current

For analysis, it is assumed, that the inductance of the mastéule is slightly bigger
than the inductance of the salve circuit, so that> Ls. The slope of the inductance
current is inversely proportional to the inductance. Tfaee the slope of the slave
current is bigger than the slope of the master current in dse ofLy > Ls. Figure
6.9.1 outlines the effect.

At
| e lo2
Iref PRREEEY.
st s o
o _i/ /‘\ ,/:‘ /‘\ ) [- |01
Igave7sync "'/“X '/ ‘\ “ \ a
78 2 4 7\
lsave sync err ) 7/ . g 7 \
| 5ave.unsync.err \ /'/ \ // \ //::
‘ ) 2 s
fet I | ’ >l
51 T1 T

Figure 6.9.1 master current, optimal slave current, optimal slave euinnéth Ly > Ls, un-
synchronized slave current withy > Lg

The black solid line shows the master current. The blue, ethfihe shows the
slave current when it is synchronized and the inductaneelsyae= Ls. This is used as
a reference to the case with unequal inductances. The symizhd slave current with
Ly > Lsis shown with a dashed, red line. Without changing the swvitglignalPs
for the slave module, the maximum slave current is highehim ¢ase with unequal
inductances. The unsynchronized case> Lg is shown with a solid, green line.
Exact synchronization is used here. The synchronizatigariédhm is adjusting the
time for the falling edge of the sign& to synchronize the slave current. Therefore,
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6.9 Effect of Inaccurate Inductances

the slave current gets synchronized to the red, dashednifigure 6.9.1. When the
slave current is synchronized, the tintgsl; andT, are the same as for the case with
equal inductances, but the amplitude of the triangular étatucurrent is slightly
higher.

The rising and falling slope of the slave current, when botluctances are equal
Ly = Lg, are:
= and los = E+U .

Ty Lm T2 Lm

SincelLy = Ls, the master module’s inductance is used .
For the case of unequal inductances Wigh> Ls, the rising and falling slope of the
slave current is now dependent bg

lo E-U

| E
= and 22 — +U .
T Ls T Ls

loo E-U

From this, the error between the peaks of the slave currehtegual and unequal
inductances can be calculated for the synchronized case:

E—-U E-U
lgr =loo—lo1 = Ty — :
er 02 01 LS 1 LM

E-U (LM — Ls>
= Ty
Lm Ls
o Ly — Ls
= lo1 Le .
It can be assumed, that the the maximum value of the syndedrsiave current
for equal inductancety; is equal to the reference currdigs plus hysteresis. The

relative error of the inductands, to the inductancésis then equal to the the relative
error of the slave current’s peak value witf) = Ls to the peak value withy > Ls:

T

5l ler  loz—1lref  Lm—Ls
0 = — = p— .
Iref |ref LS

(6.9.1)

The relative error of the inductances that can occur is asduim be+5%. Ac-
cording to equation (6.9.1), the maximum erddg for the slave current’s peak value
is also+5% for synchronized slave current.

The relative error of the slave currents peak value is al$eragned by simula-
tion. For that, the sinus switch circuit is simulated withanstant reference current
of I,ef = 50 A and a hysteresis constantof 2. The output voltage is not fed back
to the input. Instead, a constant voltagéJof= 110V is used for the master and slave
module. No load is connected to the output of the switch #irGine simulation is run
one time with equal inductances and another time with urégdactances. In both
simulations, the inductanday = 80- 106 of the master module is held constant.
The inductance for the slave modulelis= Ly = 80-10 6 in the first simulation
andLs= Ly + 0.05Ly = 84-10 9 in the second simulation. The inductor current of
the slave module for both simulations is compared. Figu®e26hows in its upper
part the reference current plus hysteresis, the slaverduoelLs = Ly and the slave
current forLg > L. It can be seen, that the slave current does not reach thremeée
current in the second case of unequal inductances. Thenesisar in the peak value
of the slave current in those two cases. This error is showimeitower part of figure
6.9.2. For each peak value of the slave current, the difterdretween the unequal
and the equal case is calculated and divided by the equalasgeequation (6.9.1).
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Figure 6.9.2 Error in the peak value of the slave current betwegr- Ly andLs > Ly

This result is then multiplied by 100 to gain the percentageref the slave circuit
for unequal master and slave inductances.

It can be seen, that the error is slightly oveb%. The inductances used in the
second simulations arey = 80-10 % andLs = Ly + 0.05Ly = 84-10 %, where
aslLy is held constant in both simulation. i was held constant arldy, had been
changed, it would have been hard to compare the two simofbecause the slope
of the master current would have changed. This would haveechihe cycle time of
the master current to change. By keeplingconstant, it is possible to keep the time
for a switch cycle of the master current constant in both ftiens. Calculating the
relative error of the inductances as in equation (6.9.1) thié inductances as used in
the simulation gives:

Ly —L
M =S 0.00476
Ls

This means that the simulation result coincide with eque{9.1). Hence, the max-
imum error for the slave current with unequal inductancesaster and slave module
is the same as the error of the inductances for a synchroslaed current.

So far, the switch circuit was simulated in this section vatlconstant voltage
on master and slave module. Now, internal feedback of thpubwoltageUqy is
introduced. When the output voltage is fed back into the eraatd slave module,
the slope of the slave current for the cakgs= Ly andLs # Ly is

| E-U -0
E _ out and |0_2 _ E Uout’
T Lm T Ls

whereU,y is the output voltage when the inductances are equalgrds the output
voltage when the inductances are unequal. With this, tlagivelerror of the peaks of
the slave current becomes:

lo—lo1 _ Lu (E—Uou) — Ls(E —Uou)
lo1 Ls(E —Uou)

Olp=
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6.9 Effect of Inaccurate Inductances

Because of the voltage control lodgy andUg,; can be set equal. Hence, also in the
case of internal feedback of the output voltage, the &¥tgis as in equation (6.9.1).
So for unequal inductances in master and slave module, tbe @i the inductor
current is depending on the error between the inductanfcassumed that the output
voltage is controlled by the voltage control loop. This iffisient for the supposed

application of the switch circuit.
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/. Summary

In this thesis, first the basic sinus switch accorning to §8)rhas been simulated.
The simulation model developed showed the expexted belaAdso, a hysteresis
has been implemented in the simulation, which sucessfiniitd the frequency of
the master module’s inductor current to a specifiy valuer@diger, a module similar
to the first one has been connected in parallel and a phasdetvifeen the triangu-
lar inductor currents has been implemented. Again, theetksiehaviour could be
shown in simulations. The simulations could also show, thatripple in the output
voltage was reduced and the switching frequency of theistams is reduced using
two parallel modules. Furthermore, the simulations shothetl the slave module’s
inductor current is unstable for certain operating poidtsynchronizations algo-
rithm based on the ideas in [J6n05] was implemented in thelaiion to solve the
problem. It could be seen in the simulations, that with tiyischronization, the in-
ductor current of the slave module is behaving stable. Aerrditive synchronization
algorithm was developed, which has the advantage to be lmasetkasured times
rather than voltages. This was as well tested to be sucessgimulations. With
the synchronization, the time error resulting from the ut$yonized current gets to
zero immediately. Because of e.g. numerical errors thelspnization might not be
exact. An anlysis was therefore done to find out about thdiliialbf the synchro-
nization in case of such a non-exact synchronization. ltccbe shown, that in this
case the stability range regarding the output voltage isedsed. When the size of
the deviation from the exact synchhronization increades reégion of output volt-
ages to which the stability is restricted decreases. It Wastasted with the help of
a simulation, if using non-exact synchonization insteaéa@fct synchonization can
help to improve the performance of the synchronization aphesent of measure-
ment noise on the measured times. The simulation performgidated, that there
might be a possibility to improve the synchonization fostbase. However, further
investigations are needed to make a clear statement. Fudhe an analysis was
done concerning the effect of unequal inductances in mastérslave module. It
could be shown that, under the assumption that the voltag&atdoop control the
output voltage accurately, the error between the induatmeats of master and slave
module is limited, depending on the error between the irahess.
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8. Conclusion

The first purpose of this thesis was to simulate the sinuschwgtrcuit with two
modules in parallel. The expected behaviour could be vdrifie

The second part was to test and eventually modify and akgorgynchronizing
both parallel modules. The simulations showed, that therdlgnm is functioning. It
could be modified to be depending on measured times rathentitages. In accu-
racies in the synchronization algorithm could be shownrtotlthe stable operation
range of the sinus switch.

Furthermore, it could be shown in this thesis that in casedmpeterinaccuracies
in the inductances of both modules, the current error istéichby the error of the
inductances.
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9. Prospects

In this thesis, a DC-motor was used as a load to the sinustsvBioce the intention
of the sinus switch is to be included in a frequency invertantiolling AC induc-
tion motors, the simulations should be done with such a madom load to see the
behaviour. It is, however, expected that the behaviour ischanging significantly.
Furthermore, the voltage controller used in this thesisoisoptimal. An optimized
controller could improve the performance of the sinus dwitdoreover, the exten-
sion of the simulation model to more than two modules in pelrabuld be useful
to investigate the behaviour. A hysteresis, which is nostammt but leads to a maxi-
mum switching frequency of 2kHz, is under development. This is important, since
the transistors used have a limited range of switching #aqy and the slave circuit
only takes care about the lower bound. Finally, implemémadf the synchroniza-
tion algorithm into a real system is necessary. This shoelddmpared to the results
from the simulations. Also, the effect of non-exact syndbation in the real system
compared to the analysis done in this thesis could be irtege® analyze.
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A. Equivalence Circuit for the LC
Circuit

This section describes, why the inductances and capaeitdhe output of the tran-
sistor half-bridge can be modeled as an LC-circuit as shoviigure 2.3.1.

During ideal operation of the switch circuit, either the apjransistor is open
and the lower one closed, or the other way around.

Figure A.0.1 shows the case when the upper transistor isdurn and the lower
one is turned off. Then, the current flows froAY to the inductorL. Figure A.0.1
also shows how the circuit at the output of the transistof-twédige can be re-drawn
to make calculations easier. The right-hand side is usedhterthe calculations.

+v O Ucz
—1_ o—>
—T1 ¢ Ic2
Ica
L -V Iy
o, (= ,L
\Y
—> v
Uc1=UL
— |
-V O

Figure A.0.1 Equivalent circuit of the Sinus Switch f& = +V

The total currenty is the sum of the currents through the conductors and the
current through the inductor:

lg=lc1+lco+IL.
Those currents can be calculated to:

lcx = jwC-Ucy
joC-(V-U)
jawC-Ucz
= jwC-(-V-U)
1
IL = H'UL
1

= jH.(V_U)

1)

|g:_i.v_<.i+jwzc>.u.
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Appendix A.  Equivalence Circuit for the LC Circuit

With no load at the output of the circuit, the total currenigs= 0. Then, the
equation above becomes:

v - (iﬂ'wzc) U

jwL jwL
1
o jwlL
sSU = 7-i+jwzc'
joL
1
o jw2C
= ———a

This is the transfer function frof toU of the LC circuit in figure 2.3.1 witle = V.
For the case that the upper transistor of the transistorbnialfe is open and the

lower one is closed, the current flows freaV to the output, as shown in figure A.0.2.

Again, calculations are done with the help of the right hadé sf figure A.0.2.

+v O Uci
—1_ o—>
—_T1 ¢ Ic
Ic2
L |
g
— O — v
o= )
-V > U
Uc2 =UL
—c |
-V O

Figure A.0.2 Equivalent circuit of the Sinus Switch f@& = —V
Similarly, the total currenly is:

lg = jwc-(V—U)+jwc-(—V—U)+ji-(—v—U)

v (e )
jowL jw

With no load at the output, the total currentigs= 0. The transfer function from

V toU is then: .

U=_— 9% _ (v,
- 1
joL + Joxc
The transfer function of the LC-circuit in figure 2.3.1 with= —V gives the same
result.
Thus, the circuit at the output of the transistor half bridga be represented as
an LC-circuit when changing the bridge voltalgdetween+V and—V accordingly.
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B. Calculations for Non-exact
synchronization

For the case of non-exact synchronization of the slave ouagdescribed in section
6.8, the calculations leading to table 6.8.1 are given.

e O<a<leslcl—ax<l:

- T =Ty
t3=(1—a)-t; = stable, since @ 1-a <1

—T2<T11
F<l=(l-a)f<(l-a)<l=ty=(1-a)$ -t <t; = stable

— T1 <T2 < 11aT1:
l<f<fdg=l-a)<(l-a)E<1l=(1-a)ty <t3<t;= stable

—T2>1_1aT1'
2>r=1-a)f>1=tu(1-a)2 >t =tz >t = unstable

e l<a<2&<0<|l-al<l

— T =Ty
t3=(1—a)-t1 = |tz =|1—a]- |t1| = stable, since x 1-a <1

- T2 <T1:
F<l=(1-a)f <(1-0a)= [t < |[1—altsf <[ts] = stable

—T1<T2<rla‘Tl

T T
l<f<gig=l-al<|l-a|f <l=[1-allt < |tsf <|ts] =
stable

1
>

T1 = o(\ = \1 0’\ > 1= |t3| > |t1] = unstable

e 0>25|1—a|>1:

- T =Ty
t3=(1—a)-t1=|t3 =|1—a]|-|t1] = unstable, sincél —a| > 1

1
T2<|1 a\
T1<|1 a\:>\1 0’\ < 1= |t3| < |t1| = stable

- |1la‘T1 <Tp < Ty

= a‘<T <l=1<|1- a\ <[1-a|= | <3 <|t4][1—0a| =
unstable
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Appendix B. Calculations for Non-exact synchronization

- T2>T1:
£ > 1= |ts| > |[1—al[ts] = unstable

Now the calculations leading to equation (6.8.2) are gividre down- adn up-
slople of the slave current are:

het E-U _ gl E+U
T L T, L
Those two equations together lead to:
E-U
T,=—-T.
2= Equ 1
Now, the case from the calculations above when- ﬁTl is considered and
combined with the last equation. This results in:
E-U 1
T > ——T
E+U * 1—a| *
N E-U - 1
E+U l1—a|
SE(l-a|-1) > U(1-al+1)
1-al-1
sSU <
1—al+1
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Appendix C. List of Symbols

Ta1
Tc2
Tes
tgel ay
TRy
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t
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