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circumstances [22]. Fortunately, when the hysteresis controller is implemented on
DSPACE digital control system in this thesis, the discrete sampling time performs as an

inherent limit of the switching frequency.

Applying the proposed method in this thesis, the power factor can be adjusted in
addition to the harmonic elimination. High quality input currents and output DC link
voltage are obtained even under extremely unbalanced operating conditions. The
experimental results demonstrate the feasibility of operating the three-phase PWM boost
type rectifier from single phase supply without input-output harmonics. Such results are

not provided in any previous study.

To conclude, the proposed control scheme in this thesis is a generalized method of
input-output harmonic elimination for the PWM boost type rectifier. The analysis and
calculation are based on the rectifier model in abc frame. After a set of current references
are obtained, the hysteresis current PWM controllers directly regulate the actual currents
to track the references. It requires less calculation or transformation in the control loop
and reduces the calculation time of DSP (shown in Chapter 1V). This method can be
applied for all levels of imbalance in input voltages and input impedances. Effective
harmonic elimination and power factor control are achieved. High quality input currents
and output DC link voltage are obtained under extremely unbalanced cases. The results of

extreme cases are not provided in previous studies

Table I provides a summary of the features of the proposed method in this thesis

and other control schemes.
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TABLEI: COMPARISON OF DIFFERENT CONTROL METHODS
Generalized Method Power Control Method .
in This Thesis in [15]-[19] Control Method in [21]
Model Frame abc Frame d-q Synchronous Rotating abc Frame

Frame

Current references in abc

Dual SRF current references;

Current references in abc

Current - frame; converted to
. frame; actual currents converted to voltage signal .
Regulation . voltage signal
directly track the references for current control
for current control
PWM Hysteresis current controller; | Voltage space vector controller; Voltage Sine Trlangle
. o s PWM controller; constant
Controller variable switching frequency constant switching frequency o
switching frequency
Harmonic
.. Good Good Good
Elimination

Power Factor

Controllable power factor

Controllable power factor [13]-
[17]; No direct power factor

Controllable power factor

Control control in [18]
. . Extra controllers
. Easy and straightforward; Several frame transformation .
Implementation . . X are required for
with fewer calculation blocks blocks are required .
current regulation
. Generalized method; results Unbalanced voltages and Only unbalanced
Experimental . ] .
Result of extreme cases are impedances cases are tested; No impedance results

provided

extreme case result

are provided




CHAPTER II

THEORETICAL ANALYSIS

2.1 Unbalanced Operation of the PWM Boost Type Rectifier

The PWM boost type rectifier has several advantages such as approximately
sinusoidal input currents, controllable power factor, and bi-directional power flow.
Unfortunately, all these features can only be realized under three-phase balanced inputs.
Under unbalanced operating conditions, the output DC voltage and the input currents of

the PWM boost type rectifier are highly distorted.

It has been shown in [8] that unbalanced input voltages lead to an abnormal
second-order harmonic in the DC link voltage which reflects back to the input, causing a
third-order harmonic in the input line currents. This interaction continues back and forth
and results in the appearance of even harmonics at the DC link and odd harmonics in the

input currents.

12
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Fig. 4 and Fig. 5 illustrate the operation of three-phase PWM boost type rectifier
under unbalanced input voltages. Fig. 4 shows the variation of thee-phase input voltages.
The boost type rectifier is initially operated under three-phase balanced conditions. The
magnitude of phase A voltage drops by 20% when t=0.1sec, then the rectifier is
operated under unbalanced input voltages. Assuming switching functions stay the same
as for balanced conditions, low-order harmonics appear at both sides of the rectifier. Fig.

5 shows input currents and DC link voltage under unbalanced input voltages.
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Figure 4: Input voltages variation of PWM boost type rectifier
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Input currents with unbalanced input wltages

L
S [
g '.,\ (’\\ 2 ]
[} / ¥ Y |3 ’
g « /
o
£ 0
] \ A
E \‘/\/ \
c
5 \/
L | L | L | L | L |
0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17
Time (Sec)
DC link voltage with unbalanced input voltages
200~
\
__180-
h |
(]
& 160
G
s |
¥ 140
-
5 |
0 120 ‘
100 L L L L L L L L L L
0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16 0.17
Time (Sec)
Figure 5: Input currents and DC link voltage with unbalanced input voltages

It can be seen that the PWM boost type rectifier has balanced three-phase
sinusoidal input currents and ripple-free DC link voltage when input voltages are
balanced. Under unbalanced operating condition, obvious second-order harmonic ripples
appear in the DC link voltage. Three-phase input currents are also distorted due to the
unbalanced input voltages. The magnitudes of input currents may become several times

higher. This causes more conduction and switching losses, or even device damage.
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2.2 Harmonic Elimination Method

Ana V. Stankovic and Thomas A. Lipo proposed a generalized method [13] of
input-output harmonic elimination for PWM boost type rectifiers under severe fault
conditions in the power system. For the circuit shown in Fig. 6, this method is derived

with the following assumptions:

e Input voltages are unbalanced
e Input impedances are unbalanced

e The converter circuit is lossless

idc
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[ O — | |
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Figure 6: PWM boost type rectifier under unbalanced voltages and impedances

It has been shown in [13] that the complete harmonic elimination can be achieved

under the following conditions shown in (2.1).
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where U, , U, and U, are three-phase input voltages; z,, z, and z, are input line
impedances; |, , |, and |, are three-phase input currents. S is the apparent power
transferred from AC side to DC side. U;, U,, U, and S are conjugates of the input
voltages and apparent power. U,, z;, and S are known variables whereas |,, I,, |, are

unknown variables. All these variables are using phasor representation in abc frame. The
phasor magnitude is RMS value. By solving (2.1), three-phase currents can be calculated

to achieve harmonic elimination.

221(U;‘—Uf)_(zl+22)(U3*—U1*)2 ~(2,+12,)
UEUE TR
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|3
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The third equation of (2.1) is a quadratic equation with complex coefficients,

which is re-written in (2.2). Three complex coefficients are listed below.

221 (U; _Ul*) _(Zl + Zz)(U; _Ul*)z
u;-u; (U;-u;)

—(z,+1,) (2.3)

(2.4)

C=— '~ (2.5)

When the input voltages are balanced, U,, U, and U, have equal magnitudes and
120° phase shift between each other, U, =U, = |U|40° , U, =U; =|U|Z—120° ,
U,=U] = |U|4120°. Fig. 7 demonstrates the phasor representation of three-phase input

voltages.

U21

Figure 7: Phasor representation of balanced input voltages
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Under balanced condition, the boost type rectifier has three equal input line

impedances, z, =2, =2, =12 . Transferred power is set to be S . The numerator of

coefficient a can be simplified according to (2.3).

NUM (a)=2z(U, -U,)(U, -U,)-2z(U, -U,)’ -2z(U, -U, )’
:2Z(U21'U31_U221_U321) (2.6)
=22(3u[ 20" -3Ju[ £-300° 3| £300)

=0
The coefficient a is zero in balanced condition. Then, (2.2) becomes a linear

equation, and |, can be determined by coefficients b and c.

(U,-U,)’ —(U,-U,)" (U, ~U,)-225" (U, ~U,) +425" (U, -U,)

b:

(U3_U1)2
U} -U2U,, -228'U,, +425'U,,
U321
228U, +428'U,, +343]U[ £90° - 343U £ -150°
U321
_228'U,, +428'U,, +3U[ U, -3U[ U, @7
U321
-228'U,, +425'U,, +3U[ (U, U, )-3u[ U,
U3,
2, (228" -3|U[ ) -, (228" - 31U )
U321
. ' (U, -U,)(U,-U,)-228"
U,
_ $'(U,U;, —228") 03
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- (228*—3|U|2)

b 2(228"-3|uf )~ (228" -3|u[)

2U21 _U31 (2-9)

I, and |, can be calculated from (2.1).

L S*_'i(U;:U;)
Uz _Ul
_ 28U, +Sy,
3U, (U, -U,)
— S*UZS
T 3U,U,,

(2.10)

$'(-U, -U,) (2.11)

Equation (2.9), (2.10) and (2.11) demonstrate the operation of boost type rectifier

under balanced condition:

S"=3U,l, =3U]1, =3U;1,. (2.12)
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Under unbalanced input conditions, (2.2) is a quadratic equation with complex

coefficients. |, can be solved by the following quadratic formula:

_ -b+b* —dac

| 2.13
3 oa (2.13)

Equation (2.13) indicates two solutions for I;. Therefore two sets of current

references can be obtained from (2.1). Some constraints are then applied to determine the

applicable set of solutions.

2.3 Constraints of the Solutions

The most important criterion to select the current references is the phase sequence.
According to the sequence of three-phase input voltages, phase B current must lag phase

A current and phase C current must lead phase A current. This can be expressed as (2.14).
0,<6,<6,, 6,.0,,0,€[-180",180") (2.14)

In practical operation, the output DC link voltage is slightly higher than the peak

of input line-to-line voltage:
Vie :\7|—| ~1-2VA|—| (2.15)

The relationship between input and output voltages is represented in (2.16).

U, =21 +SW e (2.16)

242
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The three-phase switching functions SW,, SW, and SW, must be less than or

equal to one to ensure the analytical solution is practically valid for the PWM bridge.
According to (2.15) and (2.16), the switching functions are close to one under balanced

operating conditions.

Under unbalanced condition when one phase voltage is dropping to zero, (2.17)

indicates that the angle between current and switching function is greater than 90°.

Vdc

242

zl, =U, —SW,

<0 (2.17)

From (2.16), the input voltage and impedance in one phase should not be zero at
the same time. Otherwise, the phase switching function would be zero, which means that
the corresponding phase is out of operation. Hence, this method of harmonic elimination

is valid if and only if (2.18) is complied.
U, |+|z]|=0, =123 (2.18)

For optimal design of the PWM boost type rectifier, the phase input impedance is

selected to keep z,1; within a range of 10% to 15% of the input phase voltage under

balanced operating condition.

10%-U, <71, <15%-U (2.19)

Applying (2.14) to (2.19), a MATLAB program is used to calculate and determine
a feasible set of current references. The program is listed in Appendix and Fig. 8 shows
its flow chart. A warning function is added to avoid dead-loop calculation although it is
unlikely to happen. This function is also useful in real-time computation when the

measured data are inaccurate or missing. It can hold the output current references and
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wait for input change until next computation cycle. In this way, it prevents current
references from unnecessary fluctuating and provides more stable operation with fewer

transients.

No hree-phase

Operation

Unbalanced No
Condition

Yes

Yes No .| Quadratic
| Fomula

4

Equation
29--211

Correct
Sequence

E‘j Calculation
Clear
Counter

A

Applicable
References

Warning

Store & Output =

Figure 8: Program flow chart
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2.4 Solutions under Unbalanced Conditions

First, let us consider a balanced case as specified in TABLE II. The solution of
this balanced case is shown in Figure 9. Next, several unbalanced cases are solved and

compared with the balanced case.

TABLE II: BASE CASE PARAMETERS

Input Voltages (V) Input Impedances (mH)
Power Setting (W)
A B C A B C
60£0° | 60£-120° 604120° 10 10 10 250

U2

Balanced input voltages
Balanced impedances
S=250W %

Figure 9: Reference currents of balanced case
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Unbalanced Voltage Magnitude |U|

Fig. 10 shows the solution of reference currents when the magnitude of U3 drops
from 60V to OV. The phase angle of U3 remains the same at 120°. The PWM boost type
rectifier is supplied by only two-phase voltages when U3 becomes zero. From Fig. 10, it
can be seen that one phase voltage dropping causes obvious deviation in both magnitudes

and angles of reference currents.

U2

U3 drops from 60V to OV
Balanced impedances
S=250W

Figure 10: Reference currents when the magnitude of U3 decreases

Unbalanced Voltage Phase Angle 0

Fig. 11 and 12 show the solution of reference currents when the angle of U3
varies by £60°. The magnitude of U3 is kept the same at 60V. Although the circumstance
of huge phase angle change is unlikely to happen in practical operation, it demonstrates

that the method is generalized and solution can be obtained.
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U3
b
6, /
— A //
0] U1
U 2
Angle of U3 decreases 60°
Balanced impedances
S=250W %
Figure 11: Reference currents when the angle of U3 decreases
U3
Y
e o U >

+/-180

Angle of U3 Increases 60°
Balanced impedances
S=250W

Figure 12: Reference currents when the angle of U3 increases
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From Fig. 11 and 12, it can be seen that a change in one phase voltage angle has
impact on both magnitudes and angles of reference currents. However, the magnitude
deviation of reference currents in Fig. 11 is smaller compared to Fig. 10. Hence, the
voltage magnitude drop is a more severe unbalanced situation compared to phase angle

variation.
Unbalanced input Impedance Z

Fig. 13 shows the solution of reference currents when the impedance of phase C
increases from 0 to 20mH. Balanced three-phase input voltages are supplied. According
to Fig. 13, the change of phase impedance leads to slight deviation in the magnitudes and
angles of reference currents. The impedance change has less impact than voltage change

in Fig 10, 11 and 12.

U1
L1

u2
L2

Y Y Y ¥— /180

©

u3
L3

L3 varies from 0 to 20mH
Balanced voltages
S=250W

Figure 13: Reference currents when Z3 varies
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To conclude, abnormal harmonic components appear at both input AC side and
DC link when the PWM boost type rectifier is under unbalanced operating conditions. A
generalized method of harmonic elimination was proposed in [13]. By solving a set of
quadratic equations in complex domain, three-phase input reference currents can be
obtained. By tracking the reference currents, the PWM boost type rectifier can operate at
a desired DC link voltage and input power factor without low-order harmonic

components.

In this chapter, an analytical solution of the set of three quadratic equations is
derived. It is convenient to calculate the solution using computer programs. Several
constraints should be considered in the calculation procedure to make sure the solution is

applicable. The flow chart of the program considering these constraints is provided.

Several solutions are plotted and compared under different unbalanced conditions.
The drop of voltage magnitude is the most severe unbalanced situation, which causes
dramatic magnitude increase and angle shift in the reference currents. Voltage phase
angle deviation will also lead to magnitude raise and angle change in reference currents,
although huge unexpected voltage angle shift is unlikely to happen in practical operations.

The impedance change has less impact on the currents compared to the voltage change.

This generalized method provides a straightforward way for input-output
harmonic elimination. The solution exists for all levels of imbalance in voltages and

impedances.



CHAPTER III

SIMULATION RESULTS

A feed-forward control method is proposed based on the open loop configuration
analysis presented in the last chapter. Input voltages and impedances are measured as
known parameters. Apparent power is determined by the DC link information and desired
DC link voltage. According to (2.1), three-phase reference currents are calculated. Three

independent hysteresis controllers are used to track the reference.

In this chapter, the operation of the three phase PWM boost type rectifier is
simulated in MATLAB Simulink using SimPowerSystems toolbox. The proposed control
method is implemented. Seven different cases, from three-phase balanced input voltages
and impedances to extremely unbalanced input conditions, are selected for simulation.
The closed-loop operation is also performed to control DC link voltage in real time.
Simulation results verify the feasibility of the proposed control method. The rectifier
operates at unity power factor with a stable behavior in spite of unbalanced input

conditions.

28
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31 Control Strategy

The operation of the PWM boost type rectifier under the proposed harmonic
elimination control scheme is simulated using MATLAB Simulink SimPowerSystems
toolbox. The circuit diagram and a current controller are shown in Fig. 14. Three
individual AC voltage sources are used to represent three-phase input voltages. Each
phase has an inductor to represent the input impedance. The PWM Boost Rectifier
consists of six IGBTSs and six anti-parallel diodes. A capacitor is connected at the DC link

as a filter. The load is represented by a resistor.

v l v
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o -

[ ol
b=
[c o
ity et

Controller = 1, <I =
I
|
|

=

swi SW2

. ; c Load
_@_ F—— -—-E— T
uz = Current Measurement]
by

ﬁ?_% _%ﬂ _%_?

SW3

L.

:
i
—

Figure 14: Diagram of simulation circuit and a current controller
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3.1.1 Current Control Loop

The current controller is implemented by using a hysteresis controller [23]. It
compares actual three-phase line currents with calculated three-phase current references.
The hysteresis control method generates six gating signals and supplies them to six
switches. As a result, three-phase actual currents track the reference currents. And the

PWM boost type rectifier achieves input-output harmonic elimination.

The diagram of current control loop under open-loop operation mode is shown in
Fig. 15. There is also a closed-loop operation mode which applies DC link voltage as a
feedback signal for current control. Two operation modes have different reference
calculator blocks that generate three-phase reference currents. After the generation of
reference currents, the rest parts of the control loop are identical in two operation modes.

Detailed description of reference generation is provided in the following sections.

Gain

Integrator 4@ P
Reference

|
|
|
'\ Calculator Refronces

Scope 1 —_———

| I

5%4

I
Relayl |
| | |
v | ‘ °
= > = anmmn Bes
o Hysteresis| ™ : —
Actual Currents Controller M~ ——— Gating Signals

Figure 15: Diagram of current control loop (open-loop operation)
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3.1.2 Open-loop Operation

The proposed control method can be easily implemented on a PWM boost type
rectifier under its open-loop operation mode. It is a feed-forward method by assuming all
known variables in (2.1) are constant. Therefore, the reference currents do not change

once they are calculated.

The unbalanced three-phase input voltages and input impedances are measured in
advance and assumed not to change after turning on the rectifier. The program listed in
appendix A is used to calculate three-phase reference currents. The magnitudes and phase
angles of the reference currents are stored into memory. MATLAB Simulink model can
read those values and generate the references in real time. Fig. 16 shows the procedure of

reference currents generation in open-loop mode.

Input Input Input
Pl’e-l\/leaSUI’ed Voltage Impedance Power
Y Y
1. Calculate Reference Currents
MATLAB
P 2. Store Magnitude & Phase Angle
rogram to Memory
v
Signal for . .
Syncr?ronization 77777777777 , Read Values and Generate Simulink
(Not required in Real-ti ignal
et eal-time Signals Model

Output Real-time
Reference Currents

Figure 16: Reference currents generation in open-loop mode
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3.1.3 Closed-loop Operation

Closed-loop operation of the PWM boost type rectifier makes the output DC link
voltage controllable. The output of the DC voltage controller sets a reference for three-

phase currents. The DC voltage control loop is shown in Fig. 17.

Voltage Control
Feedback Loop

222
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=
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4 34
u CurreanJ m {:J‘-, ::
T o3 < Vditage Meamrement
TL l\‘inlf%mmonn ¢ T toxd _@
L L

‘I?

Figure 17: Diagram of DC voltage control loop ( the outer loop)
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A feedback loop is designed to control the DC link voltage. Assume the three-
phase input voltages and input impedances are known, therefore, the reference currents
are determined by the input power S in (2.1). The DC link voltage is fed back to the
current controller and compared to the reference DC voltage. The error signal is used to
update the setting of the power S . Three-phase reference currents are generated in real
time to control the DC link voltage. Hysteresis controllers make the input line currents

track the references. Harmonic elimination is achieved at both input and output while the
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DC link voltage is controllable. The diagram of current control loop in closed-loop

operation is shown in Fig. 18.
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Figure 18: Diagram of current controller ( closed-loop operation)

The reference currents generation of closed-loop mode requires two types of input
data. One is assumed to be constant, such as input voltages and input impedances. The
other is varying in real time, the DC link voltage error. The MATLAB program in
appendix B is applied to process constant data before real-time operation. This program
can also be further implemented into Simulink model if the input voltages and

impedances are measured in real time. The reference calculator block in Simulink model
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is used to get magnitudes and phase angles of three-phase reference currents. A reference
generator block reads these values and provides real-time reference signals to the
hysteresis controller. Fig. 19 shows the procedure of reference currents generation in

closed-loop mode.

Input
Pre-MeaSU I‘ed i meause ; i ImpeZance ;

Y Y
MATLAB 1. Process Constant Inputs for future use
2. Store Interim Variables to Memory
Program
DC Voltage S
Error Calculate References
l Simulink
Model
Signallfor_
fggf Z,:E',f:g?: fffffffffff » Generate Real-time Signals
simulation)

Output Real-time
Reference Currents

Figure 19: Reference generation in open-loop mode
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3.2 Simulation Results

Seven different simulation cases are selected to verify the proposed harmonic
elimination method. A case with balanced three-phase input voltages and impedances is
performed as a reference case. Then, six cases with different levels of unbalanced three-
phase input conditions are simulated. Table III shows a list of simulation cases.

Parameters and the power circuit components are summarized in Table IV.

TABLE III: SIMULATION CASES

Input Conditions Power DC Load
CASE
Voltage (V) Impedance Setting (W) |Resistance ((2)
1 | U,=6020"U, =60/-120"U, = 60£120° L =L, =L =10mH 250 114
2 | U =60£0"U,=60£-120"U, =602120° | L =L, =10mH L, =0 250 114
3 U, =60£0° U, =60£-120" U, =0 L =L, =L, =10mH 250 114
4 U, =6020" U, =60£-120° U, =0 L =L =10mH L, =0 250 114
5 U =60£00 U,=0 U,=0 L =L, =L =10mH 100 342
6 U =60£00 U,=0 U,=0 L=0 L,=L =10mH 100 342
7 U,=60£0° U, =60/-180" U, =0 L =L =L =10mH 100 400
TABLE IV: SIMULATION PARAMETERS
Parameter Value Parameter Value
Fundamental frequency, f 60 Hz IGBT on resistance 0.4Q
DC link capacitor, C 460 pF Diode on resistance 04 Q
Hysteresis band 0.02 A IGBT forward voltage 25V
Switch on inductance 7.5x10° H | Diode forward voltage 1.5V
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In case 1, the operation of the three-phase PWM boost type rectifier is simulated
under balanced input voltages and impedances. Three-phase reference currents are
calculated by solving (2.9) to (2.11). Fig. 20 shows the steady-state three-phase input

currents and DC link voltage waveforms of case 1.

400

300

200

55 100

Input Line Current (A)
o
DC Link Volage (V)

-100

-200

-300

-400

Time (Sec)

Figure 20: DC link voltage and line currents of case 1

Case 2 to 7 have different unbalanced input voltages and impedances. The
simulation results are shown in Fig.21 to Fig. 26. Each plot contains three-phase input

currents and output DC link voltages.



