A DSP-based AC Electronic Load for
Unintentional Islanding Tests
by

Wei Feng

B.Sc., Tsinghua University, Beijing, China, 2004
M.Sc., Institute of Electrical Engineering, CAS, China, 2007

A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF

MASTER OF APPLIED SCIENCE
in
The Faculty of Applied Science

(Electrical and Computer Engineering)

THE UNIVERSITY OF BRITISH COLUMBIA
(Vancouver)
August 2009
(© Wei Feng 2009



Abstract

The distributed generation (DG) system for the renewable energy resources
is being used more and more widely around the world in the past decades.
In order to protect the whole power system from the islanding situation,
the interface inverters of the DG system have to pass the unintentional
islanding test. In this study, a single phase AC electronic load is introduced
to simulate the local loads under unintentional islanding conditions.

This thesis proposes a proper schematic of the electronic loads based on
the H-bridge dc-dc converter and analyzes the performance of this system
with PowerSIM. Then, a set of specifications for different ranges of the
electronic loads are calculated through theoretical formulas and the PSIM
simulations. Meanwhile, the transfer function of the system is also derived
to analyze the stability of the PI control system.

According to the theoretical analysis and simulations, a control program
is implemented based on the Texas Instruments (TI) Digital Signal Processor
(DSP) TMS320F2407A for the different kinds of electronic loads.

A test circuit is then built to validate the performance of the system.
Some experiments are performed for the resitive, inductive and capacitive
loads respectively.
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Chapter 1

Introduction

1.1 Project Background

Distributed Generation (DG) which is gaining more and more interest around
the world generally refers to small-scale (typically 1kW — 50M W) electric
power generators that produce electricity at a site close to customers or
that are tied to an electric distribution system. Among DG technologies,
some are tried and tested but a number are new and developing technolo-
gies which use renewable energy sources, such as wind energy, biofuels and
photovoltaic (PV) energy.

Compared with the traditional larger power stations, DG promises sig-
nificant reductions in the power transportation cost and reduces the capital
and operating costs which will encourage their further growth. The inte-
gration of Distributed Generation into the main electricity networks doesn’t
only bring in numerous benefits but some security issues. The anti-islanding
protection[I] is the most frequent issue raised by DG interconnection to the
utility networks because the island is an unregulated power system. Its be-
haviour is unpredictable due to the power mismatch between the load and
generation and the lack of voltage and frequency control. Therefore, it is
creating the possibility of damage to customer equipment in a situation over
which the utility has no control.

In wind and PV energy applications, the inverter is the most frequently
used interface[2] which interconnects DG to the grids. According to IEEE
standard 1547, the inverters used as interface in the distributed generation
systems have to pass a series of tests and evaluation before interconnec-
tion to the utility. The unintentional islanding test is to verify that the
anti-islanding protection of the DG interconnection component is capable of
detecting the islanding conditions and ceasing to energize the electric power
system. In the unintentional islanding test, a resistance, inductance and
capacitance (RLC) load is employed as simulated local loads and shall be
tuned at the nominal frequency of electricity networks.

With increasing of the power rating of DG, the size of RLC loads used
in the unintentional islanding test become bigger and bigger which makes
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the tuning process of RLC circuits very time-consuming and inconvenient.
Therefore, a compact and programmable electronic load is needed which can
simulate different RLC networks.

1.2 System Overview

1.2.1 Unintentional Islanding Test Scheme

As described in the previous section, an interface inverter has to pass the un-
intentional islanding test before put into practical use. IEEE standard 1547
defines a generic system for unintentional islanding test which is illustrated
in Figure 1.1

AP, AQ P,Q
- . V,f -—
S1 PCC S3

S2

l P+AP, Q+AQ

Grid () R le L (| )pe

Local Loads

Figure 1.1: Generic System for Unintentional Islanding Test

In the normal operation mode, switches S1, S2 and S3 are closed and the
electricity network, local loads and DG interface inverter are interconnected
together. The real and reactive power consumed in local loads are provided
by both utility network and distributed generation system. Once the switch
S1 is open, the electricity network is unable to provide power for customers
and local loads are connected solely to DG system which is called ”islanding
situation”.

If the power generated by the DG system matches the RLC' load power,
i.e., in Figure[I.I} AP = AQ = 0. Under this condition, even if switch S1 is
open, the voltage and frequency at the Point of Common Coupling (PCC)
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will not be changed and an unintentional islanding situation occurs which
is considered the worst case for islanding detection.

1.2.2 AC Electronic Loads for Unintentional Islanding Test

In this thesis, a single phase AC electronic load is designed to replace the
RLC load shown in Figure [I.2] so that the tuning of RLC' circuits can be
achieved more easily by adjusting the values of electronic loads in the soft-
ware.

AP, AQ v.f P, 0
R y --—
S1 S3
S2 l P+AP, Q+AQ
o — |
|
! |
Grid () R le L (| )pe
|
| :
------------------ \
N
Replaced by
. Electronic Loads

Figure 1.2: Electronic Loads for Unintentional Islanding Test

The AC electronic loads consist of three parts:
e A bidirectional H-Bridge based current source.
e Voltage and current sensor circuits.

o A TMS320LF2407A DSP control board.

1.3 Thesis Objective

The objective of this thesis is to clarify the practical approaches needed to
set up a programmable AC electronic load used in unintentional islanding
test. The specific objectives include:

e To find a suitable structure of the bidirectional current source
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e To find the design criteria of H-bridge based current source for the
different ranges of the resistive, inductive and capacitive electronic
loads with the 60Hz AC source.

e To build a DSP-controlled H-bridge based current source.

e To develop a control method for the programmable RLC electronic
loads

e To generate a DSP program for the TMS320LF2407A DSP.

e To simulate different ranges of resistive, inductive and capacitive loads
with a 60H z sinusoidal voltage excitation and verify the theoretical
analysis using the prototype.

The thesis is organized into six chapters. Chapter 1 gives a brief intro-
duction of the system and outlines the objectives of this thesis. In Chapter
2, the principles of the AC electronic loads are proposed and the PSIM
simulations for different electronic loads are performed to give a set of spec-
ifications of the system. Chapter 3 is focused on hardware setup for the
electronic loads. Chapter 4 will be dealing with software implementation.
Some design illustration concerning software is presented. Selective exper-
imental results are included in Chapter 5. The last chapter concludes the
design and the implementation and proposes some work needed to be done
in the future.



Chapter 2

Principles of the Simulated
Loads

In this chapter the principles of the simulated loads will be introduced step
by step. First of all, the schematic of the simulated loads will be proposed
carefully. Secondly, the ac small-signal model of the circuit will be derived
as well as the stability of the system. Then, the relationship between the
parameters of the circuit and the range of the simulated loads will be ana-
lyzed. At the end, a series of PSIM simulations for different kinds of loads
will be performed and several groups of parameters will be given for different
ranges of the simulated loads.

2.1 Schematic of Electronic loads

Electronic Input
Loads - <> Source

Figure 2.1: Diagram of Electronic Loads

Figure shows the diagram of the electronic loads. It can be seen that
the different load will draw the different current I from the input voltage
source and thus the load characteristics can be changed if the output current
of the source is under control.

For an AC input source, the direction of the output current could be
either positive or negtive, which means a bidirectional controllable current
source is needed to control the output current of the source so that it can

6
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simulate different load characteristics. In this project, an H-bridge inverter-
based bidirectional current source will be designed as an electronic load.

2.1.1 H-Bridge Bidirectional Current Source

Electronic Loads

Figure 2.2: Controllable Current Source with Regulated DC Bus Voltage

The schematic of the H-bridge inverter-based bidirectional current source
is illustrated in Figure It is very similar to the traditional H-bridge dc-
dc converter but the difference is that the port “AB” is used as the input
port instead of the output port.

The parameters of the circuit is explained as follows:

e DC bus voltage. In order to make this circuit work properly, the DC
bus voltage is regulated by a DC power supply which must be positive
so that there are no short-circuits caused by the flywheel diodes which
may lead to the serious damage of IGBTs.

e Resistor R;. In the real system, a series resistor R; always exists
because of the equivalent series resistance of the inductor L and the
resistance of the conductors.

e Resistor Ry. The resistor Rs is a dumping resistor and used to provide
a closed loop for the inductor current Iy.

e Inductor L. the series inductor L is capable of smoothing the current
I;, so that this circuit can work as a current source.
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2.1.2 The Range of Inductor Current

In the following parts, the range of the current Iy will be derived in order
to analyze the electronic load characteristics. In simple terms of, a DC
voltage source V, will be applied in the circuit as an input source. However,
the results are also available for low-frequency AC voltage sources, such as
60H z.

As depicted in Figure the duty ratio D is the fraction of time that
the switches S1 and S4 spend in the conducting position, and is a number
between zero and one. The complement of the duty ratio, D', is defined
as (1 — D), which means the fraction of time that the switches S2 and S3
spend in the conducting status.

The small ripple approximation and the principles of inductor volt-
second balance[3] will be applied here to find the steady state of the inductor
current I;. Figure illustrates the operation topologies of the H-bridge
inverter with regulated DC bus when the switches commutate.

+ VR7 i \ . I
—ww— o
Vpc<) R, R L v,
(b)
Vr Vi
+ |
L
v Lwn—""
DC() R, Ry L Vq

Figure 2.3: H-Bridge Inverter With Regulated DC Bus: (a) the first subin-
terval: D, (b) the second subinterval: D’

As illustrated in the Figure (ab)7 during the first subinterval, DT, the
switches S1 and S4 are on and the other switches S2 and S3 are off. The
inductor voltage for this subinterval is given by

UL:V;]—VdC—Z'LXRl (2.1)
Use of the small ripple approximation, i;, &~ I, leads to

ULZ‘/;]—VdC—ILXRl (2.2)
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Similarly, during the second subinterval, D'T, the status of the switches
are illustrated in the Figure[2.3(b). The inductor voltage for this subinterval
is

vy, = Vg + Vage —ip X Ry (2.3)

Use of the small ripple approximation again leads to
UL:V;;—FVdC—ILXRl (2.4)

According to the principles of inductor volt-second balance, the total
volt-seconds applied to the inductor over one switching period is

<wvp >=0 (2.5)
Substitution of Eq.(2.2) and Eq.(2.4)) into Eq.(2.5), and the result is
D (Vg — Ve — ILRl) + D' (Vg + Vie — ILRl) =0 (2.6)

Upon collecting terms, one obtains
Vo=02D —1)Vge + IRy (2.7)
From Eq.(2.7), the average inductor current I, can be obtained

_ Vo + (1=2D) Vi

I
L 7

(2.8)

Therefore, the controllable range of the current flowing through the in-
ductor L can be derived easily according to Eq.. When the switches
S2 and S3 are always on, the inductor current I reaches to the maximum
value; when the switches S7 and S; are always off instead, the minimum
value can be obtained. The results are given by

ILmaX - (V;] + Vdc)/Rl (2 9)
ILmin = (th - Vdc)/Rl ’

2.2 AC Small-Signal Modeling and PI Control
Method

In this section, the ac small-signal modeling technique is employed for the
derivation of the system transfer function and a conventional PI controller
is designed accordingly for the PWM current controller.
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2.2.1 AC Small-Signal Model

The ac small-signal model is always used in the analysis of the dynamic
performance of power electronic circuits. With this model, the transfer
function of the system can be derived which is very useful for the stability
analysis of the control system. However, this model only works at the low-
frequency and the disturbance of the switching frequency will be neglected.

According to Figure[2.3] the voltage equations during these two intervals
can be derived respectively.

d: vy = vge+ (ip 1))y, - B+ L%
(2.10)
d - Vg = —Udc + <ZL (t)>T5 . Rl + L%

Where (i, (t))p, denotes the average of (i, (t)) over an interval of length T
which represents one PWM switching period.

Using Eq.(2.10]), the average of voltage v, over one switching period
equals:

(d+d)vg=(d—d)vge + (d+ d') <iL(t)>Ts-R1+LCl<iLCZ(Tf)>TS (2.11)

Upon collecting items, it can be rewritten as:

d (ir ()7,

Vg = (Qd— 1) Udc‘|‘<iL (t)>Ts R+ L 7

(2.12)

Perturbing the inductor current, duty-cycle, input voltage and DC bus
A A
voltage with small signals of iy, d, vAg and vflc respectively; also, assuming

the quiescent value of these variables are Iy, D, V, and Vg, then:

in (O)ge = In + 1 (2.13)
d=D+d (2.14)

vy = Vg + 0y (2.15)

Vae = Vige + Ve (2.16)

Insert Eq.(2.13) to (2.16]) into Eq.(2.12)), one obtains:

10



2.2. AC Small-Signal Modeling and PI Control Method

AN
V, + 0y = [2 <D+d) —1] [Vdc+v§c}

A
A d(IL+ZL)
n (IL n ¢L> Ri+L———F (2.17)

Linearizing Eq.(2.17)), the ac small signal equation can be derived:

A A di
by = (2D — 1) Vge +2Vae d +Ryig +L% (2.18)

Taking the Laplace transform for Eq.(2.18), the inductor current to duty
ratio transfer function can be obtained:
A

ir, —2Vye
Gia(s) = & = Rt sL (2.19)
d A

A
Ve, Vg=0

2.2.2 The Transfer Function of Control System

In this system, a traditional PI compensator is chose for the current feedback
loop due to the uncompensated system containing a single pole. The transfer
function of the compensator can be expressed as:

k;

Ge(s) = ky+ (2.20)

The function of the pulse-width modulator is to produce the duty ratio
d that is proportional to the output voltage of the compensator. Figure [2.4
shows the schematic diagram of the pulse-width modulator.

Vet
vul S Ve(®) san(®)

3(t)

dT, T, T, ¢

Figure 2.4: Schematic Diagram of PWM Modulator
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2.2. AC Small-Signal Modeling and PI Control Method

In terms of the waveform above, the duty cycle d will be a linear function
of V.. Hence, we can write

_ Y (t)

Vi
Perturbation and linearization of Eq.(2.21), the transfer function of the
pulse-width modulator is:

d(t) (2.21)

A
G (5) = & (2.22)
Ve

Based on the analysis above, the system transfer function can be derived
as follows (Figure . Note that the pwm modulator outputs d’ in our
design, and thus a negative transfer function of the circuit is applied. In
addition, a saturation block is also added to the PI compensator to eliminate

the effect of integral saturation.

Verr Ve
|
I
|

-8

iL(s)
Kp+Kifs I 1/Vy > -Gig(s)

Vv ref

Rsim

Figure 2.5: Block Diagram of the System Transfer Function

2.2.3 Control System Stability Analysis

In this project, a set of PI parameters of the control system is obtained using
PSIM simulations and practical experiments:

e PI parameters: k, =1 and k; = 5 X 10°.
e Saturation block: -20 to 20.
e PWM modulator: Vj; = 40.

According to the analysis above, the stability of these PI parameters can
be investigated using Simulink7.0 and LTIViewer in MATLAB2008a. The
bode diagram of the open-loop transfer function is depicted in Figure It
can be seen that the phase margin is always larger than zero so the system
is stable.

12
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100

Magnitude (dB)
o
3
T
L

o
T
I

50 | I I I
-90 = T T T T
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KN
@
T
|

180 & ! I I |
10 10° 10 10° 10° 10

Figure 2.6: Bode Diagram of the Open-Loop Transfer Function

2.3 System Performance Analysis

The electronic load designed in this project works in the switching mode, so
the triangle waveforms are used to track the given sinusoidal waveforms. In
order to meet the accuracy requirements, the effects of circuit parameters on
the switching ripples and the system response time have to be investigated
carefully. Therefore, this section will explore the relationship between the
circuit parameters and the system performance.

2.3.1 Current Ripple

Figure shows that the inductor L which prevents the current from being
changed suddenly plays the most important role in the current control. In
this section, the effect of circuit parameters on the current ripple will be
investigated carefully and the formula of the current ripple will be derived
for the calculation of circuit parameters according to the given accuracy
demands .

The current ripple used here is defined as Aiy/2I;. Where Aiy, is the
peak-to-peak current change and Iy, is the average current over one switching
period. The following parts will introduce the relationship between the cur-
rent ripple and the circuit parameters for the simulated resistive, inductive

13



2.3. System Performance Analysis

and capacitive loads separately.

Current Ripple for Resistive Loads

In simple terms, a DC voltage source Vj is employed as the input voltage
source as shown in Figure and the circuit is controlled to simulate the
resistance characteristic. To the extent of an low-frequency AC voltage
source, such as 60Hz, the analysis still works fine because the AC source can
be discretized into a series of DC voltage source at low frequency.

As illustrated in Figure 2.2 the current change Aij, is related to the
inductor L and the current ripple Aiy,/2I; should be as small as possible
so that the high frequency noise of the electronic loads can be decreased
greatly. Only consider the intervals D'T that S2 and S3 are on. According
to the inductance characteristic, one obtains

dig,
L—= 2.2
ar ~* (2.23)
Where
v, = Vge + Vg — VR, (2.24)

When Ry < Rgim(Rsim: simulated resistor), vg, can be ignored

vr~ Vi 1V, (2.25)
Insert Eq.(2.25)) into Eq.(2.23)), one obtains
dig,
L~ Vae+ Vy = (1+R)V, (2.26)

Where V. = V,, then the current change Aiy, is equal to

1
Aip, = (JFLI“)VQ x At (2.27)

Using Eq.(2.8]), the steady state of inductor current I, is given by

Vy+(1—2D) Ve
I, = Ya (R1 Wae

_ et 22%)

1+(1-2D)k
—m
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2.3. System Performance Analysis

Because the circuit is working as resistance loads, the average current of
inductor I;, is also equal to

v
Iy = ij (2.29)

The duty ratio D can be derived through combination of Eq.(2.28)) and
Eq.(2:29)

1+(1—2D)k Y,
—r o *Ve=

Rsim
(2.30)
#D:i(kJrl—Ri;)
The time interval At can be obtained using Eq.(2.30))
At = (1—D) x Tpum
(2.31)

(k_l)Rsim+R1
2k Roim Tpwm

Combining Eq.(2.27) and Eq.(2.29)), the ratio of the current change Aiy, to

inductor current Iy, is equal to

Air,  (k+1)Rsim
= A 2.32
I, 7 x At (2.32)

Insert Eq.(2.31) into Eq.(2.32), the current ripple is obtained

A7:L _ 1 (k+1)RsinL (k_l)Rsim+R1
21y, - 2 X L X 2-k-Rsim X prm
(2.33)
_ l % prm (kz_l)Rsi'rn“F(k"Fl)Rl
= 2 L = 2%

The equation above indicates that the current ripple Aiy, /21 is a func-
tion of the simulated resistive load Rgim, the PWM period T, and the
value of the inductor L when k and series resistor Ry are constant. Accord-
ing to this function, the following relationship can be concluded:

e The maximum impedance of the simulated loads which is achievable on
this system can be derived by Eq.(2.33) when all the circuit parameters
and the current ripple requirement are given.

e The larger inductor L, the smaller the current ripple. Hence, the
minimum value of the inductor L can be calculated with Eq.(2.33])
when the simulated resistive load Rg;m, and the current ripple are given.

e The higher switching frequency fpum, the smoother the current ripple.
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2.3. System Performance Analysis

Current Ripple for Inductive and Capacitive Loads

The expression of current ripple for the inductive and capacitive loads are
exactly same, so here we only take the inductive loads for example to derive
the current ripple expression.

From the schematic of the current source, it can be concluded that the
largest current ripple will occur when the AC input source reaches zero.
Therefore, following the similar process shown in the previous section, one
obtains

dir,
L T %3 (2.34)
Where

vr = Vae — vm, (2.35)

When R; < Zsim(Zsim: the impedance of the simulated inductive or capac-
itive loads), vg, can be ignored

vr &~ Vie (2.36)
Insert Eq.(2.36) into Eq.(2.34), one obtains
di
L;ﬁ»z%k:kwg (2.37)
Then the current change Aiy, is equal to
kV,
Au;=41%><At (2.38)

According to Eq.(2.8]), when V; = 0, the average current I, over one switch-
ing cycle is given by

1—-2D
I, = kV, 2.39
L Rl g ( )
When V, = 0, the average current I, also equals
V
I =—%— 2.40
L Zaom (240

Combining Eq.(2.39)) and ({2.40)), the duty cycle D is equal to

1 Ry )
D=_(1-—rn— (2.41)
2 < k HstnH
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2.3. System Performance Analysis

When R; < ||Zsiml|, the duty cycle D is approximately 0.5 and the
time interval At = 0.5Tpym. Therefore, combining Eq.([2.38)) and (2.40)), the
current ripple for inductive or capacitive loads is

Nip 1 k| Zsmll  Tpwm
—_— X X

2I; 2 L 2

The expression above shows the similar function as the resistive loads.
However, compared with the function of the resistive loads, the current
ripple of the simulated inductive or capacitive loads will be larger with the
same circuit parameters.

(2.42)

2.3.2 Relationship between Response Time and 7,

To simulate electronic loads under low-frequency voltage source, the re-
sponse time of the system should be small enough so that the system is
capable of tracking the required load characteristic curves. The following
derivations are based on the resistive simulated loads and the conclusion is
also available for the inductive or capacitive simulated loads.

According to Eq.(2.27) and (2.31)), the current change function can be
derived

(1+k)V, " (k—1) Ryjm + Ry
L QkXRsim

It can be derived that if the circuit parameters keep constant, the current
change Aiy will increase with the decreasing of Rg;,n,. However, the series
inductor L will prevent the current from changing suddenly and thus the
response time will increase greatly when the simulated load Rg;,, decreases.
Hence, for a given series inductor L and other given parameters, the mini-
mum achievable impedance of the simulated loads can be found considering
the proper response time. In the following part, the unit step response of
the system will be investigated to find the proper minimum values for the
given parameters previously.

Aip, = X Ty (2.43)

2.3.3 Conclusions of System Performance

The previous sections explain the relationship between the circuit parame-
ters and the system performance. Therefore, a general design procedure can
be used according to the requirements of the system performance:

e First of all, determine the proper values of k and fpum and the maxi-
mum impedance of the simulated loads.

17



2.4. Calculation of Circuit Parameters

e Secondly, according to the current ripple requirement, calculate the

minimum inductor L with Eq.(2.33)) or Eq.([2.42).

e At the end, find the minimum impedance of the simulated loads ac-
cording to the given circuit parameters so that the response time of
the system is small enough for the 60H z AC source.

2.4 Calculation of Circuit Parameters

The schematic and performance of the system have been explained previ-
ously. This section will introduce how to calculate the circuit parameters
according to the given accuracy demands and a set of values of circuit pa-
rameters will be listed for the different ranges of the simulated loads. The
analysis proposed here is all based on the PSIM simulations and the theo-
retical derivation.

2.4.1 Introduction of PSIM Simulation Diagram

Powersim (PSIM) is a powerful circuit simulation software which is specially
suited to power electronic circuit simulations. All kinds of semiconductor
parts and the control blocks have been integrated in the software package,
which makes it very easy to use.

In order to analyze the circuit parameters, a PSIM simulation program
for the simulated resistive loads will be used in this section and the con-
clusions obtained from this system is also suitable for the inductive and
capacitive loads with some minor changes.

Figure shows the schematic of the resistive load simulation consist-
ing of the H-Bridge current source and the control program. The control
program senses the inductor current ¢;, and the input voltage source V; to
calculate the error between the actual voltage and the demanded voltage
using equation:

error = Vsource — Isense X Rsim (244)

Where R, represents the resistance of the simulated resistive loads.
With a set of proper PI parameters (given in the previous section), the error
Verr can be obtained which is used to compared with a saw-tooth waveform
to generate PWM signals.

In the PSIM simulation, the per-unit system is employed and the voltage
and current base values are equal to 30V and 0.78125A separately which are
also used in the DSP program and thus the impedance base value is 38.412.
The choice of the base values will be explained in the chapter four.
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2.4. Calculation of Circuit Parameters

vDC R1

Vsource

Isense

CF
Vsource ;@5@ 0

Figure 2.7: Resistance Load Simulation

2.4.2 DC Bus Voltage: V.

As discussed in the previous sections, the DC bus voltage V. must be posi-
tive so that there are no short-circuits and according to Eq., Ve should
be greater than or equal to V; to increase the range of the inductor current,
in other words, to increase the range of the electronic loads.

A parameter of £ is defined as the ratio of V. to V;; and should be larger
than or equal to 1. However, if k is 1, it’s going to take a very long period
to decrease the current due to the zero reverse voltage across the series
inductor; if k is much larger than 1, the current ripple will be increased
significantly.

Through the practical experiments, the parameter of k is kept to be 1.3
to improve the dynamic performance of the device as well as the current

ripple.

2.4.3 Series Resistor: R,

From Eq.(2.9), Irmax = (V4 + Vac)/Ri1, it can be seen that the minimum
impedance of electronic loads is decided by the series resistor R;. When
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Vie = 1.3V, the minimum simulated impedance |[Zgp |, = R1/2.3. In
our system, the series resistor R; is 172 and the minimum limitation of the
simulated impedance is about 7.402.

2.4.4 Switching Frequency: f,um

As discussed previously, the current ripple depends upon the switching fre-
quency fpwm and the higher switching frequency, the smaller current ripple.
In this project, the switching frequency fpum is set to 20kH z which is the
most typical frequency of IGBTs.

2.4.5 Inductor: L

It has been discussed in the previous sections that the value of inductor
L is determined by the requirement of the current ripple (Eq.(2.33) and
Eq.(2.42)).

On the other hand, once the inductor value and other parameters are
chosen, the range of the impedance of the simulated loads can be calculated
with the consideration of both the current ripple and the response time. The
following parts will show how to calculate the inductor value and the range
of the simulated loads.

Calculation of Inductor L

For resistive loads, three different ranges of the simulated loads are given in
Table From Eq.7 a set of minimum values of the series inductor
L can be calculated for the resistive loads according to the given current
ripple and the maximum impedance of the simulated loads.

Assume the current ripple Aiy, /211 should be less than 0.3, the minimum
inductors for the simulated resistive loads are shown as follows.

Range of Rgim | Limin Maximum Current Ripple
0 — 2p.u. 2.6mH | 0.34 (actual value: 0.3)

0 — 20p.u. 26mH 0.21

0 — 200p.u. 260mH | 0.19

Table 2.1:  Series Inductors for Different Ranges of Resistance Loads:
switching frequency fpuwm = 20kHz, voltage ratio k = 1.3, series resistor
Ry = 17Q and the impedance base value ||Z] = 38.4Q
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It can be found that the current ripple is larger than 0.3 at R, = 2p.u.
but the real current ripple is equal to 0.3 because the equation we used
here is derived with the approximation of Ry < R, but Rgun = 2p.u. is
comparable with R;. Therefore, the actual current ripple at small simulated
resistance is less than the calculated value (the real current ripple can be
found using the PSIM simulations in Figure .

The similar results for the inductive or capacitive simulated loads can be
obtained with Eq.. Considering the hardware consistency, the same
set of values of the series inductor L as shown in Table 2.1] will be used in
the calculations, so the maximum impedance of the simulated loads and the
associated current ripple are calculated as follows.

Maximum ||Zsipm|| | Series Inductor L | Maximum Current Ripple
1.25p.u. 2.6mH 0.30
12.5p.u. 26mH 0.30
125p.u. 260mH 0.30

Table 2.2: Series Inductors for Different Ranges of Inductive or Capacitive
Loads: switching frequency fpwm = 20kHz, voltage ratio k = 1.3, series
resistor R; = 17€Q2 and the impedance base value || Z]| = 38.4€2

Practically, with the consideration of simplicity, another set of values of
| Zsim|| is given in Table after the rounding adjustment.

The parameters listed above are all based on the assumption that the
current ripple is less than 0.3. If a smaller current ripple is required for the
specific application, the simplest approach is just to increase the switching
frequency fpwm proportionally and retain other parameters.

Maximum ||Zsipm|| | Series Inductor L | Maximum Current Ripple
1p.u. 2.6mH 0.24
10p.u. 26mH 0.24
100p.u. 260mH 0.24

Table 2.3: Series Inductors for Different Ranges of Inductive or Capacitive
Loads: switching frequency fpwm = 20kHz, voltage ratio £ = 1.3, series
resistor Ry = 17€Q2 and the impedance base value || Z]| = 38.42
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2.4. Calculation of Circuit Parameters

2.4.6 Calculation of the Range of 7,

As discussed above, once the current ripple requirement and the series in-
ductor are given, the maximum achievable impedance of the simulated loads
is also set up. However, not all impedances less than the maximum value
are able to be simulated with this system. In this section, the response time
of the system will be analyzed and the minimum achievable impedance of
the simulated loads can be determined by the response time.

Simulation Results of the Response Time

Here we takes L = 26mH for example to find the minimum limitation of the
impedance. In the PSIM simulations shown in Figure the parameters
are: fpwm = 20kHz, Rem = 2p.u.(76.8Q2), Ry = 17Q and L = 26mH. To
explore the unit step response, a unit step input voltage source Vj is applied.

Figure depicts the unit step response of the system at Rg;p = 2p.u..
Replacing the unit step source with a 60H 2z AC source, the voltage across
Rsim(2p.u.) is plotted in Figure It can seen that the rise time is equal
to 0.46ms and the settling time is 3.50ms which is fast enough for the
application of 60H z.

V_Rsim (2pu) Vg

<t = 0.46ms

2.00

200.00 202.00 204.00 206.00 208.00 210.00 212.00
Time (ms)

Figure 2.8: Unit Step Response at Rgim = 2p.u.

However, if the resistive simulated load R, keeps going down to 1p.u.,

22



2.4. Calculation of Circuit Parameters

V_Rsim 2pu) Vg

1.0
0.5 1
0.0
-0.5
-1.0

V_Rsim (2pu)

1.0

0.5
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-0.5

-1.0

-15

Vg

1.0

0.5 :
0.0

-0.5

-1.0

120.00 130.00 140.00 150.00 160.00
Time (ms)

Figure 2.9: Voltage across Rgim = 2p.u.

the unit step response time will increase consistently as shown in Figure[2.10
Replacing the unit step input source with a 60Hz AC source, the voltage
waveform across R, is depicted in Figure It can be seen that the
average value of Vggimn i no longer equal to the input voltage due to the
long response time.

V_Rsim (1pu) Vg
1.00
0.50
0.0 tseme=4.0()l:ns ~

200.00 202.50 205.00 207.50 210.00 212.50
Time (ms)

Figure 2.10: Unit Step Response at Ry, = 1p.u.
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V_Rsim (1pu) Vg

1.00

Zoom In

0.50

0.0

-0.50

-1.00

150.00 160.00 170.00 180.00 190.00
Time (ms)

Figure 2.11: Voltage across Rgim = 1p.u.

On the other hand, if Ry;,, increases, the response time will keep decreas-
ing and the response time for Rg, = 20p.u. is illustrated in Figure [2.12
Compared with the response time at Ry, = 2p.u., the response time at
Rsim = 20p.u. is much faster but more ripples.

V_Rsim (20pu) Vg

3.0 fe=0.11ms |

SO I\ A A
I KWL

L

100.00 102.00 _ 104.00 106.00
Time (ms)

Figure 2.12: Unit Step Response at R, = 20p.u.
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The Range of Z,;,,

Based upon the discussion above it can be concluded that the minimum
achievable impedance of the simulated loads is determined by the response
time if the value of the series inductor is given. With the help of PSIM
simulations, a set of values of the minimum Ry;,, is found in Table

Series Inductor L | Minimum Rg;,
2.6mH > 0.2p.u.
26mH > 2pu

260mH > 20pu

Table 2.4: Minimum Rg;,, for the Given Series Inductor: switching fre-
quency fpwm = 20kH z, voltage ratio k = 1.3, series resistor Ry = 172 and
the impedance base value ||Z]| = 38.49

Similarly, the minimum impedance of the inductive or capacitive sim-
ulated loads is also able to be found in the table below with the PSIM
simulation programs.

Series Inductor L | Minimum Lg;y, (or Csim)
2.6mH > 0.1p.u.

26mH > lpu

260mH > 10pu

Table 2.5: Minimum Ly, (or Cy;,,) for the Given Series Inductor: switching
frequency fpwm = 20kHz, voltage ratio k = 1.3, series resistor Ry = 17
and the impedance base value ||Z|| = 38.4Q

2.4.7 Duty Ratio D

This section will introduce the effect of the duty cycle D on the range and
resolution of the simulated loads. According to Eq.(2.28) and Eq.(2.29), a
resistive simulated load can be represented as:

v, R

(2.45)

In a continuous system, the value of Rg;, could be infinite when the
denominator is approaching zero. However, the real system we used in this
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project is a digital system with a 16-bit DSP so the step size of the duty ratio
Dis1 / 216 With this step size, the range of the resistive load is illustrated
in Figure for the given parameters above.

Relationship between D and R_,
X 10 sim

sim

-0.5-

-1

0 0.2 0.4 0.6 0.8 1
Duty Ratio D

Figure 2.13: Relationship between R, and D

It can be found that the slope of the function Rgy, (D) will increase
significantly when the duty cycle D approaches the value which makes the
denominator equal zero (Here it is 0.8846). This phenomenon indicates that
if the step size of D is fixed, the resolution of the simulated resistive load is
going down when D approaches that sensitive value.

In order to achieve a higher resolution of the simulated resistive load, the
simulated impedance should fall into a reasonable range depending on the
required resolution. Using Eq., the resolution can be calculated for
the simulated resistive loads shown in the previous section (See Table [2.6)).

Range of Rgip, | Resolution (%)
< 2p.u. < 0.018

< 20p.u. <0.18

< 200p.u. <138

Table 2.6: The Resolution of R,: switching frequency fpum = 20kHz,

voltage ratio k = 1.3, series resistor R} = 17Q2 and the impedance base value
| Z]| = 38.4Q
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For the impedance larger than 200p.u., the resolution becomes too small
to be applied in the practical system. Figure depicts that the resolution
of Rgim at 2000p.u. is going up to 18.7% and this error is too big for a
practical application.

5 Resolution of R_. (%)
X 10 sim
T T
|
Y T
3l ’
D ol
E e
e B
ot
B | eeooosscocossseoseeses® ™" Uil
o, |
Resolution 18.79
-1r at R . =2000pu
sim
-2

0.8841 0.8842 0.8843 0.8844 0.8845
Duty Cycle D

Figure 2.14: Resolution at Ry, = 2000pu

According to Eq.(2.41)), the similar results can be derived for the induc-
tive or capacitive simulated loads (as shown in Table

Range of Lgj, (or Csin) | Resolution (%)
< 1Ip. < 0.0089

< 10p.u. < 0.090

< 100p.u. < 0.90

Table 2.7: The Resolution of Ly, (or Cgy): switching frequency fpum =
20k H z, voltage ratio k = 1.3, series resistor R; = 172 and the impedance
base value || Z| = 38.402

2.4.8 Specifications of Electronic Loads

From the previous discussion, a series values of the circuit parameters can
be derived for the resistive, inductive and capacitive simulated loads shown

in the Table [2.8 and [2.9] respectively.
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Raim, Inductor L | Resolution (%) | Current Ripple
0.5 — 2p.u. 2.6mH < 0.018 <0.3
2 — 20p.u. 26mH <0.18 < 0.3
20 — 200p.u. | 260mH <1.8 < 0.3

Table 2.8: Specifications for the Resistive Simulated Loads: switching fre-
quency fpuwm = 20kH z, , voltage ratio k = 1.3, series resistor Ry = 17Q) and
the impedance base value || Z| = 38.4Q

Lsim (Csim) | Inductor L | Resolution (%) | Current Ripple
0.5 — 1p.u. 2.6mH < 0.00089 <0.24
1 — 10p.u. 260mH < 0.090 <0.24
10 — 100p.u. | 260mH < 0.90 <0.24

Table 2.9: Specifications for the Inductive or Capacitive Simulated Loads:
switching frequency fpwm = 20kHz, , voltage ratio k = 1.3, series resistor
R; =17 and the impedance base value ||Z] = 38.4Q

These parameters are all obtained based on the 0.3 current ripple as-
sumption and increasing the switching frequency is able to achieve the
smaller current ripple.

2.5 Simulations of Electronic Loads

In this section, RLC electronic loads will be simulated using PSIMS.0 sepa-
rately to verify the principles derived in the previous sections and the cal-
culations of the specifications suggested above.

2.5.1 Resistive Load Simulation

The PSIM simulation program for the resistive simulated loads has been
depicted in Figure Based upon the previous introduction and the pa-
rameters, the simulations can be performed and the waveforms are shown
below for the current ripple analysis.

Current Ripple and Inductor L

According to Eq.(2.33)), the current ripple can be calculated when Ry <
Rim. But when the resistance of the simulated load is comparable to Ry, the
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actual ripples are smaller than the calculated values obtained with Eq.(2.33]).
For example, assume the switching frequency fyum = 20kHz, voltage
ratio k = 1.3, series resistor Ry = 172 and series inductor L = 2.6mH. The

calculated ripple is equal to 0.19 at Ry, = 0.5p.u., 0.24 at Ry = 1p.u.
and 0.34 at Rg, = 2p.u.. However, in the PSIM simulations, the actual

ripples can be obtained (See Figure to [2.20]) and equal 0.13, 0.19 and
0.3 separately which are smaller than the calculated values.
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V_Rsim (0.5pu) Vg 5 ; “ -
1.10 A —— \
,/ \\ ' s‘ﬁ \\ ,/ \\
1.05 AR L Aiy/21,=0.13 AN
[N [\
1.00 v / \
/ 1 /
f ’! \ ’
/ / /
0.95 / | f
/ \ /
090 [/ / \/

154.10154.12154.14154.16154.18154.20154.22154.24
Time (ms)

130.00 140.00 150.00 160.00 170.00
Time (ms)

Current Ripple at

Figure 2.15: Rgyn, = 0.5p.u. at  Figure 2.16:
fpwm = 20kH z Rgim = 0.5p.u.
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Figure 2.20: Current Ripple at

2p.u. at
Rgim = 2p.u.

Figure 2.19: Rgpm =
fpwm = 20kH z

To investigate the current ripples for 2p.u. < Rgim < 20p.u., the 2.6mH
inductor is replaced with a 26mH inductor to simulate R, = 2p.u. and

20p.u. respectively.
Using Eq.(2.33) again, the current ripple equals 0.21 at R, = 20p.u..
The waveforms of voltage across R, and the associated current ripples are

depicted in Figure to
Figure shows that the current ripple at Ry, = 20p.u. equals 0.20
which is very close to the calculated value 0.21 because R, = 20p.u. =

7682 is much bigger than Ry = 179).
In Figure the current ripple is 0.03 at Rgjp = 2p.u. and L = 26mH.
Compared with the value when L is 2.6mH, the current ripple goes down

to 10% which is inversely proportional to the series inductor L same as the
relationship shown in Eq.(2.33).
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Figure 2.21: Rgjpm = 2p.u. at fpuwm =

20kH =z Rgim = 2p.u.

Figure 2.22: Current Ripple at
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Figure 2.24: Current Ripple at

Figure 2.23: Rgpm = 20p.u. at
Rgim = 20p.u.

Fowm = 20kHz

Current Ripple and Switching Frequency fp.m

Using Eq.(2.33)), the current ripple is inversely proportional to the switching
frequency fpwm and the PSIM simulation results are shown in following

figures.
It can be seen in Figure that the current ripple Aiy /211 equals to

0.61 and is 2 times of the current ripple at 20k H z which proves the inversely
proportional relationship between the current ripple and the switching fre-

quency.
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Figure 2.26: Current Ripple at

Figure 2.25: fpum = 10kHz, Ry, =
Rsim = 2p.u. and fpym = 10kH 2

2p.u. and L = 2.6mH
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2.5. Simulations of Electronic Loads

2.5.2 Inductive Load Simulation

Figure 2.27: Control Loop for Inductance Loads Simulations

For the inductance load simulations, no changes have to be done in the
circuit but the control algorithm which is shown in Figure The control
program senses the inductor current i;, and input voltage V at first. Then,
the magnitude and phase angle of V;, are detected and with 90 degrees phase
delay, a new voltage magnitude is calculated which can be compared with
the inductor current 77, directly.

Waveforms for Different Ranges of the Inductive Loads

With the control program mentioned above, the inductive loads simulations
can be achieved using the parameters given previously. The parameters
used in the simulations are: Vy; = 10V, fpwm = 20kHz, ||Lem| = 0.5p.u.
and 1p.u., Ry = 172 and L = 2.6mH. The waveforms of simulated inductor
voltages are depicted in Figure [2.28

It can be found in Figurethat the AC input voltage V is leading the
current flowing through the series inductor and resistor by 90 degrees which
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Figure 2.28: Simulated Inductor Voltages: Vyepseq is the simulated inductor
voltages in per-unit system and Vg is the AC input voltage source in per-
unit system with 90 degrees phase delay

represents the inductive load characteristics. The waveforms for other ranges
of the inductive simulated loads are illustrated in Figure and

Current Ripple Waveforms

From the previous discussion, when || Zsin| > Ri, the current ripple can
be calculated using Eq.(2.42)); when ||Zy|| is comparable with the series
resistor Ry, the actual current ripple should be smaller than the calculated
value. Figure 2.31] and [2:32] show the current ripples of the inductive simu-
lated loads when L = 26mH and fpm = 20kH .

As shown in these figures, the current ripple at Ly, = 10p.u. is 0.23
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Figure 2.29: Simulated Inductor
Voltages at ||Lsim| = 1p.u. and
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Figure 2.30: Simulated Inductor
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Figure 2.32: Current Ripple at
Lgim = 10p.u.

which is very close to the calculated value 0.24; the current ripple at Lg;p, =
1p.u. is 0.21 which is smaller than the calculated value 0.24 because 1p.u. is

comparable with the series resistor Rj.
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2.5. Simulations of Electronic Loads

2.5.3 Capacitive Load Simulation

The control program of capacitance loads simulations is almost the same
as the program used in the inductance loads simulation except that the
phase angle of series inductor current i, leads that of input voltage V, by
90 degrees instead of 90 degrees delay.

Using the parameters given previously, Figures and show the
waveforms of the different ranges of capacitive loads.
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Figure 2.33: Simulated Ca- Figure 2.34: Simulated Ca-
pacitor Voltages at ||Csim|| =  pacitor Voltages at ||Csiml| =
1p.u. and 10p.u. 10p.u. and 100p.u.
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Chapter 3

Hardware Implementation

Based on the theory discussed in chapter 2, a practical AC electronic load
system will be built for experimental results. In this chapter, emphasis will
be given on how to choose suitable components and integrate them to form
a prototype of AC electronic load.

3.1 Introduction of System

The whole system is depicted in Figure It consists of a regulated DC
bus, an H-bridge inverter, a current filter, an IGBT driver module, sensor
circuits, a DSP control board and a power supply circuit.

Regulated  H-Bridge .
Current Filter

DC Bus Inverter
e
i Input
DC R,!
; 2, [ Source
. ? I Voltage, Current and
Driver Temperature Signals
. Signals L/ 1:
I
" I
I I5olated GBI Sensor Circuits | !
| Driver :
I
+15vi * I !
Power Supply === !
TV | ¥ :
+5v | !
: DSP Control |
| Board :
Lo o]

Figure 3.1: Hardware System of Electronic Loads

The sensor circuits sense voltage, current and temperature signals. Volt-
age and current signals will be used to calculate current reference in the DSP
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3.2. IGBT Inverter Module

software, and temperature signal will be used for overheat protection. An
on-board power supply with some accessorial components provides £15V,
+15V and +5V for the whole hardware system. In the following parts, each
subsystem will be introduced in detail.

3.2 IGBT Inverter Module

In this design, an IGBT module, MUBW 20-06 A7[4], produced by IXYS
Corporation is employed to set up the H-bridge inverter. As depicted in
Figure [4], the IGBT module includes a three phase full-bridge rectifier,
a three phase DC-AC inverter and a NTC temperature sensor. For the
application of single phase AC electronic loads, only the 3-phase inverter
and NTC temperature sensor will be used.

21 22
D11 |13 |Di5 b7 TPt 13 l_p3 T8 LoDs
X X = , el 18] 206]
—o —=o —o 6 5 ._.4
D12 [D14 |D16 T7'£ T2 b2 T4l ps T6 L D6
LN N N 14oJ 11-J 12.J 13.J|:jS
03 10
24
8
NTC
9

Figure 3.2: Structure of IGBT Module

According to the supposed conditions of unintentional islanding test
(Appendix , a voltage rating above 120Vzys and a current rating above
8.33ARns are required. The chosen IGBT module, MUBW 20-06 A7, which
can stand up to 600V and 35A, meets these requirements.

The integrated temperature sensor consists of an NTC thermistor whose
resistance gets smaller with the increasing of temperature. This sensor will
be used in the design to prevent IGBTs damage from overheating.
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3.3. IGBT Driver Circuit

3.3 IGBT Driver Circuit

Main purpose of the IGBT Driver is to provide enough power to the gate
to make the IGBT switch properly. In this system, a compact IGBT driver
module (6SD106EI) by Concept Technologie[5] was used at hand which is
able to output high gate current of £6A. This driver module can operate
in two different modes: direct mode and half-bridge mode and is capable
of outputting either six independent driver signals or three pairs of driver
signals with dead time. Safety is another important issue in IGBT driver
selection and the driver 6SD106EI integrate a short circuit and over-current
protection circuit inside.

»l

<:::> 0] B [l —

— [ @
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g s T )

PWM

lat < | A— |

oscillator J * 0 e |

—I— 150. ;

GND — 1

. |

D N
¢ . |

Interface on Electrical Driver on I Power

Electronic Level Isolation Power Level | Semiconductor

(external)

SCALE Driver Module

Figure 3.3: Structure of IGBT Driver Module: 6SD106EI

Figur[lﬂ] shows the structure of a two-channel driver on the chip
set. For a three-phase version, there is only one PWM oscillator, all other
components are present in triplicate.

For each channel, the driver module contains the electrical isolation be-
tween the control and power sides which prevents damage of control sides
from high voltage and current of power sides. The internal block IGD con-
tains an over-current and short-circuit protection circuit for the power tran-
sistors, a feed monitoring circuit as well as a status acknowledgement circuit.
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3.3. IGBT Driver Circuit

An electrically separated power supply can provide £15V for the drive elec-
tronics via an integrated DC/DC converter.

Mode Selection

As mentioned above, the driver module 6SD106EI can operate in two dif-
ferent modes. Two sets of complementary drive signals are needed for the
H-Bridge inverter. Hence, in this specific system, the driver module will
work in the half-bridge mode[5] which is able to output three pairs of com-
plementary IGBT drive signals.

+VCC +DC Link
Channel 2 —e
ak7 N
bz — vce (L)) c2 1 4
Rth
MOD
L 3 | E 16p R 1 —
o GND
Resol § VL/Reset o2 Ri'_
Enable (TTL) 8
PWM Input (TTL) A E2
+VCC Inductive load
4 o
LDI Channel 1
sk|_|10k] fo I s02 1 >
= l so1 Rth
Rthl 11—
RC1 3 | E 16D R K
1l Rz o —
— GND
ImOp I100p E1
GND GND GND . —
SCALE Driver Module - DC Link

Figure 3.4: HalfBridge Mode Selection

In order to select the half-bridge mode, the pin MOD should be con-
nected to GND and inputs pins of RC1 and RC2 must be connected to RC
networks. The dimensioning will be discussed further in the next section.

Dead Time

Because any real power electronic devices do not turn on or off instanta-
neously, it is necessary to include a protection time, called the dead time,
to avoid cross conduction of two switching devices in the same leg of the
H-bridge inverter. The dead time can be set either in DSP software or in
the driver module 6SD106EI by selecting the half-bridge operation mode.
In this design, the dead time is set in the driver module.

In the half-bridge mode, RC networks must be connected to the pins
RC1 and RC2. According to Table[3.I] 22kQ and 150pF are selected and
the dead time is set to 2.1us.
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3.3. IGBT Driver Circuit

R C typ. dead time
10k | 47pF | =~ 200ns
10k | 100pF | =~ 500ns
15k | 120pF | = 1.1us
22k | 150pF | =~ 2.1pus
33k | 220pF | ~ 4.6us

Table 3.1: Values of the dead times of RC networks

Short-Circuit and Over-Current Protection

Every channel of the driver module is equipped with a Vce monitoring circuit
as illustrated in Figure[3.5[5]. A resistor (Rthx) is connected to the pin Rthx
as a reference. It defines the maximum voltage drop across the turned-on
power transistor at which the protection function of the drive circuit is
activated and thus the power transistor is turned off.

N
1,4mA<% 6 150uA

OVERCURRENT + 4

5
MEASURING IIi T

|

|

IGD 001

SCALE Driver Module I

Figure 3.5: Protection Circuit of Driver Module 6SD106EI

If the voltage at Cx exceeds the voltage at Rthx, a Vce or under-voltage
error occurs and the protection function is activated. The driver blocks the
power semiconductor and accepts no drive signals. Meanwhile, the status

outputs SOx (See Figur The “x” in “SOx” stands for the number of
the drive channel in the driver module.) for the corresponding channels
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3.4. Voltage Measuring Circuit

are pulled to the logic low level which will be used in the DSP protection
routine.

The pin Cx must be never connected directly to the collector of the
power transistor and a high-blocking diode is needed to protect the mea-
suring terminal Cx. For 600V IGBT modules, one diode of type 1N4007
is connected to pin Cx. It is recommended that the peak repetitive reverse
voltage of these diodes be over-dimensioned by at least 40%.

According to the application manual of 6SD106EI, a threshold voltage
Vi, = 5.85V is recommended to use in IGBT drives. The reference resistor
Ryj, can be calculated as follows:

Vi 585V
©150pA  150pA

R = 39kQ (3.1)

3.4 Voltage Measuring Circuit

Voltage measuring circuit consists of a voltage sensor, voltage level shifter
circuits and a voltage buffer. In the following section, these blocks will be
introduced one by one in detail.

Voltage Sensor

Voltage is measured with a voltage transducer LV 25-P (LEM Inc.). Its range
goes up to 500V which is suited for 120Vgss and the output of this sensor
is a current with the ratio of 2.5 : 1 of the primary current. This module is
supplied by 15V power and the connection is depicted in Figure |3.6

Figure 3.6: Voltage Sensor Connection

For voltage measurements, a current proportional to the measured volt-
age must be passed through an external resistor R1 which is selected by the
user and installed in series with the primary circuit of the transducer. In
our case, R1 = 6k} was selected to measure 60V voltage which corresponds
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3.4. Voltage Measuring Circuit

to 10mA primary current in the testing experiments. For the real islanding
test,a 17k resistor will be used to measure 120Vgprg voltage.

Voltage Level Shifter

A voltage level shifting circuit is required because the input voltage range
of ADC module on the ezDSPI1f2407A board used in this case is OV — 3.3V
which is different from that of the voltage sensor output. This function
can be implemented with a two-level operational amplifier (OPA) circuit as
shown in Figure [3.7]

151 30K 30K H
+15i 150pF
c1
R5
-
R6
51K - 100nF .
2 ™~ R4 P
A 1
3
L — LM324AM 12K o
~ U4A I[;TCSMAM
= c2 Al1si
v ILM4040A30IDBZR-3.0 )
S 100nF
= 150
Hm‘

Figure 3.7: Voltage Measuring Circuit

The current signal from LV 25-P is transformed into a voltage signal
with R1, the range of which is —6V to 6V. The voltage across R1 is then
offset with the first level OPA circuit and the output voltage of U4A is given
by:

R3 R3
Vour1 =V, 1+—1] -V, — 3.2
outl REF( + R2> IN X R (3.2)

The voltage Vrgr is voltage across the precision voltage reference LM4040A
and equals to 3V. Through the second level OPA circuit, the output voltage
of U4B is scaled by:

Rs
‘/ou = — 5 ‘/ou 3.3
t Ra X t1 ( )
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3.4. Voltage Measuring Circuit

Plugging in values for the components in Figure the scaling of signals
from the primary current to DSP analog voltage is illustrated in Figure 3.8

10mA 4 6V 4 -12v 4 3v 4
| Current Sensor e Offset e Coefficient
-10mA -6V ov ov
Primary Vin Voutt Vout to DSP
Current

Figure 3.8: Voltage Scaling from Primary current to DSP Analog Voltage

Voltage Buffer

The ADC module in DSP is an unbuffered multiplexed ratiometric ADC
which contains a multiplexer, a sample/hold circuit and an ADC compara-
tor. This type of ADC has no internal buffer amplifiers to introduece input
offset and gain errors.

The structure of ADC is shown in Figure A disadvantage of this
kind of on-chip ADC is that the sample capacitor within the ADC is directly
charged by the external signal, and the charge left on the sample capacitor
by the previous conversion of a channel can affect the accuracy of the channel
currently being converted if inadequate settling time is allowed for a given
source impedance. This phenomenon is referred to as channel-to-channel
crosstalk[6].

ADIN[O] MUX Sample/Hold To ADC

Comparator

T
— . |
: : |
ADIN[n] ! Ic“m”'e

Figure 3.9: Structure of DSP On-chip ADC
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3.5. Current Measuring Circuit

In order to avoid the crosstalk, the source impedance of input signals
should be much less than the input impedance of ADC. Therefore, a voltage
buffer U4C in Figure [3.7] is added to decrease the output impedance of the
scaling circuit so that ADC module can work properly.

3.5 Current Measuring Circuit

The current measuring circuit is mostly the same as the voltage measuring
circuit except a few changes of parameters. In this case, the current is
measured with a LEM current transducer LT 100-S, the range of which goes
up to £100A. The output of this module is a current with a ratio of 1 : 1000
of the primary current. With the consideration of accuracy, the current
should be close to 100A. The current measuring circuit is illustrated in

Figure [3.10]

-15i
CTLT 1&-5‘(
3 R1
1 62
CN1 j R3

+15i | R2 .
A5 32K 30K
+15i
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R6
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« 3T I M3MAM 12K
~ UIA
Us = c2
LM4040A30IDBZR-3.0 |
!0 | 1000F
= 150
\—1(")‘

Figure 3.10: Current Measuring Circuit

Substitution of parameters shown in the figure above into Eq. @D and
, a solution for scaling of current signals is depicted in Figure|3.11

In the testing experiments, the maximum current is below 34 and 32
turns of coil is used so that the range of measured current is close to 1004,
the primary nominal current of the current sensor.
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100mA 4 6.2V 4 -11.625V 4 3.2V 4
| CurrentSensor | - Offset e Coefficient e
-100mA -6.2V ov ov
Primary Vin Voutt Vour to DSP
Current

Figure 3.11: Current Scaling from Primary Current to DSP Analog Voltage

3.6 Temperature Sensor

A temperature sensor circuit is provided on the PCB to achieve IGBT over-
heat protection. The temperature sensor used in this project is an NTC
thermistor integrated in the IGBT module. According to the datasheet of
this module, the IGBT operating temperature has a range from —40°C to
125°C and the NTC thermistor resistance equals to 300€2 at 125 °C.

Because the NTC thermistor resistance varies with temperature signifi-
cantly, a circuit detecting the variation of thermistor resistance can be ap-
plied for temperature sensing. In the practical application, a failure recovery
from an over-heat fault will take a period of time. Therefore, a hysteresis
comparator circuit shown in Figure|3.12|is used as temperature sensor circuit
to aviod frequent alarms.

+5

5K R12

3K
R13
Vin 5 U3A

+ 2 Vout
VREF 4
LM339AM

15K ﬂme

R14

12

C31

+5  100nF

Figure 3.12: Temperature Sensor Circuit
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As depicted in Figure in normal conditions, the temperature keeps
below 125°C and the thermistor resistance Rig > 3002. The output of
comparator U3A is zero. When the temperature rises above the maximum
value, Ry is less than 3002 and the output of U3A jumps up to high voltage
level (Vi = 5V). Due to the hysteresis loop Rj2, the lower limit of Vj,, is
solved by:

Rig || Ris
Ris || Ri5 + Ri2

Substitution of parameters shown in Figureinto Eq. yields Vin_min =
2.35V, which means V,,; will not drop to zero unless V;,, is less than 2.35V
instead of 2.5V. Convert voltage to resistance and a range of resistance from
30012 to 338€) can be obtained. Looking up the characteristic of thermis-
tor resistance versus temperature leads to a temperature hysteresis loop in
Figure 3.13

Vin_min = VREF — % (3.4)

Voltage (V)

5V
A

Temperature ('C)
119°C|[(338Q) 125°C|(30092)

ov

Figure 3.13: Temperature Hysteresis Loop

3.7 Protection Circuits

The pin PDPINT A of ezDSP1{2407A[7] is used to prevent the system from
overheat and over-current faults. If this pin is driven low, a fault occurs in
DSP program and all PWM output pins will be put in the high-impedance
state immediately. A logic circuit collecting all fault signals of the system
is applied as an interface shown in Figure [3.14
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3.8. DSP Control Board

U2A
ﬂTemperature Sensor
UIA SN74LVC2GU04
6 SO_W
PDPINT i SOV

SO_U

o

SN74ALS21AD

Figure 3.14: System Protection Circuit

The pin “Temperature Sensor” is the output of temperature sensor cir-
cuit which is in high voltage level when an overheat fault occurs. In order
to fit the logic level of PDPINT A, an inverter SN74LVC2GU04 is used to
invert the logic level.

Pins of “SOx" (z = U,VorW) are the status pins of driver module.
When an over-current fault occurs, the logic levels of “SO_x” are pulled
down to zero and a PDPINT A interrupt is activated in DSP program.

3.8 DSP Control Board

An ezDSPIf2407A board manufactured by TI company is employed in this
case as a control unit. It contains a TMS320LF2407A digital signal pro-
cessor, an on-board JTAG connector which provides interface to emulators
for program debugging, and other peripherals. The major features of the
TMS320F2407A include:

e A high-speed CPU with 40MHz clock rate and capable of processing
40 million instructions per second (MIPS).

e 64K words of on-chip data/program RAM, 32K words of on-chip pro-
gram ROM or Flash EEPROM, 64K words of program, 64Kwords of
data and 64K words of I/O space of addressing space.

e Sixteen multiplexed analog inputs 10-bit ADC core with built-in Sam-
ple and Hold (S/H) circuit and fast conversion time (S/H + Con-
version): 375ns. It supports up to four trigger sources for start-of-
conversion (SOC) sequence and autosequencing function.

e Two Event Manager (EV) modules provide a broad range of functions
and features that are particularly useful in motion control and motor
control applications.
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3.9. Power Supply

40 multiplexed general-purpose I/O pins.

Watchdog Timer which monitors software and hardware operations,
and implements system reset functions upon CPU disruption.

Controller Area Network (CAN).
e Serial communications interface (SCI).

The EV modules in this DSP are very versatile and the major features
are:

e Two general-purpose (GP) timers.

e Three general-purpose up and up/down timers, each with a 16-bit
compare unit capable of generating one independent PWM output.

e Pulse-width modulation (PWM) circuits that include space vector
PWM circuits, dead-band generation units, and output logic.

e Three 16-bit simple compare units capable of generating 4 independent
PWM outputs.

e Three capture units.

Quadrature encoder pulse (QEP) circuit.

3.9 Power Supply

The printed circuit boards are supplied by a commercial switching power
supply VOF-65-15. Two other commercial dc dc converters were used to
provide proper supply voltage for the circuits. A 5V dc dc converter (CC10-
1205SF-E) supplies the ezDSP board, the temperature sensor circuit and the
protection circuit; a £15V supply (CC10-1212DF-E) provides power for the
op amp circuits; the switching power supply (VOF-65-15) feeds the driver
circuits.

All these converters were equipped with the suggested input and output
filters as stated in the corresponding data sheets and application notes. The
input filter consists in all three cases of a II-type filter, consisting of two
capacitors and one inductor. On the output side, there are only smoothing
capacitors and a zener diode, to protect devices from an unexpected over-
voltage. The complete power supply circuit is shown in the Figure in

the Appendix
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Chapter 4

Software Implementation

The hardware system of AC electronic loads has been described in the pre-
vious chapter. In this chapter, a software applied to implement the control
algorithm will be introduced in detail. All implementations of software are
based on TT’s (Texas Instruments) DSP TMS320LF2407A and the associ-
ated assembly language.

4.1 Program Overview

As the previous introduction, the DSP TMS320LF2407A has many periph-
erals and is enough for this application. The peripherals used in the control
program contains: event managers (EV), general purpose timers 1 and 2,
the PWM generation unit, the 16-channel ADC unit and the digital I/O
ports module[8],[9],[10].

The AC electronic loads control program has several major functions:
accurate voltage and current acquisition, current command calculation and
PWM duty cycle update. With the consideration of software portability,
the program was divided into several sub-function blocks. The flowchart of
the control program is shown in Figure 4.1

The control program consists of four routines:

e System initialization and Main Loop.
All initializations are finished in this routine and an endless loop is
waiting for different ISRs to achieve all major features of AC electronic
loads.

e Timerl Interrupt service routine (ISR).
This routine calculates the required current command and update
PWM duty ratios.

e Timer2 Interrupt service routine (ISR).

Average voltage and current sampling are implemented in this routine.

49



4.1. Program Overview

Initialize Variables
and Constants

‘ System Configuration ‘

'

Setup Watchdog
and I/O Pins

'

Setup EV, GP Timers
and PWM Pins

Configure ADC

Interrupts
Initialization

Clear INT Flags
Enable Interrupts

a

N

e PDPINTA Interrupt service routine (ISR).

Over-heat and over-current protection is achieved here and makes the
whole system safer and more reliable.

Start Timer2
and ADC

Read ADC Data
Calculate Average Values

}

Voltage/Current
Normalization

!

Current Command
Calculation

!

PI Control
PWM Duty Update

Reset T2
Interrupt

v

Read Voltage/Current Data
Save Accumulation

Back to
Main Loop

Figure 4.1: Program Flow Chart

The following sections will explain the details of these routines.
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4.2. Variables Normalization

4.2 Variables Normalization

TMS320LF2407A is a 16-bit fixed-point DSP and unable to represent floating-
point numbers directly. Therefore, the normalization of variables is required
in the program so that the real values of voltage and current signals can be
represented correctly.

4.2.1 Q Format

In fixed-point DSPs, all the numbers must be represented as a collection
of bits. Each bit represents either “0” or “1”, hence the number system
naturally used in microprocessors is the binary system. In order to represent
fractional numbers, fixed-point system requires the programmer to create a
virtual decimal place in between two bit locations for a given number. Q-
format is such kind of fractional fixed-point representation suitable for DSPs
algorithms[IT]. The labeling convention of Q-format is as follows:

QQI]. [QF) (4.1)

Where QI is the number of integer bits and QF' is the number of frac-
tional bits. In a 16-bit DSP used in our system, the sum of QI and QF
equals to 15 and the MSB is the sign bit.

In addition and subtraction of two Q-format numbers, the fixed-point
decimal places must be aligned and an appropriate dynamic range has to be
chosen to handle the overflow of the addition. In multiplication, the number
of integer and fractional bits in the product is the sum of the corresponding
multiplier and multiplicand Q-format numbers as described the following
equations:

leroduct = QImultiplicand + QImultiplier (4 2)
QFproduct = Qqultiplicand + Qqultiplier

4.2.2 Normalization of Voltage and Current

As mentioned above, there is a trade-off between dynamic range and preci-
sion for Q-format numbers. Higher precision leads to a narrower dynamic
range, hence the real voltage and current values need to be normalized and
thus the Per Unit (PU) system will be applied to achieve the high precision
as well as the wide dynamic range. Because the measured current in the
experiments is less than 3A, 32 turns of the current will be measured to
achieve higher accuracy.
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4.3. System Initialization

In this system, the base values of variables are as follows:

Vbase = 30V
Tpase = 100A/(4 - 32turns) = 0.78125A
‘Z‘base = %zzse/jbase = 38.40Q

With the consideration of both precision and dynamic range, the PU
values will be represented in @[3].[12] format (or @12). The maximum
values of current and voltage in the experiments are 4,4, = 3.125A4 and
Vinaz = 60V. When the current reaches the maximum value, the ADC
result ipinary is 512. The corresponding per-unit value of the Q-format num-
ber is given by ipygi2 = (imax/ibase) X 212 = 214 and a conversion ratio
K current = 1PUQ12 / Thinary = ol4 / 512 = 32. All measured values of current
can be converted into the PU values in Q12 format:

iPUQlQ = Keurrent X Z.b'imzry (43)

Following the same steps, the voltage conversion ratio Kyetage €quals to 16
and the conversion formulas is

vpUQ12 = Kvoltage X Vbinary (44)

4.3 System Initialization

To implement the specific functions, the initialization module performs the
following tasks.
4.3.1 Event Manager Modules Initialization

As mentioned above, event manager modules are the most significant func-
tion blocks which provide a flexible method for controlling both dedicated
I/O and shared pin functions. The following blocks are initialized in this
module:

PWM generation block

To drive the H-bridge inverter, four PWM pins 1-4 are employed and the po-
larity of PWM pins are set in Compare Action Control Register A (ACTRA)
as follows:

e PWM 1 and 4 are active high.
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4.3. System Initialization

e PWM 2 and 3 are active low.

PWM 1-4 corresponds to switches 1-4 and “active high” means the out-
put of PWM pins are set to one when a compare match happens. Addition-
ally, asymmetric PWM waveforms are used in this program and associated
timers are set to continuous-up count mode.

General-Purpose (GP) Timers 1&2

GP timer 1 is employed in the software to control the switching frequency
of PWM signals. Usually, PWM frequencies are in the range of 10kHz. In
this project, a PWM frequency of 20k H z has been chosen.

GP timer 2 is used to setup the voltage and current sampling frequency.
In order to achieve higher precision, the sampling frequency is set to 160k H z.

4.3.2 ADC Module Initialization
ADC Clock Prescaler

ADC conversion time consists of two time segments: Sample/Hold (S/H)
window and conversion window, as shown in Figure The S/H window
can be tailored to accommodate the variation in source impedances by the
ACQ PS3-ACQ PS0 bits and the CPS bit in the ADCTRI1 register.

In this project, the ACQ PS3-ACQ PSO0 bits are set to “0111b” and the
CPS bit is set to “Ob” to accommodate a 2290€) source impedance.

J |_ ...... J |_

¢ S/H \ivindow e Con:/ersion
(2*PS) | (11*AcLk)

A 4

< 1 complete ADC conversion

Figure 4.2: ADC Conversion Time
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4.4. Interrupt Service Routine (ISR)

ADC Conversion Sequencer

The ADC module in TMS320LF2407A contains a 16-state sequencer which
can perform a series of conversions without external intervention and the
conversion sequence is stored in the ADC input channel select sequencing
control registers (CHSELSEQn).

In this project, a timer2 underflow interrupt is used as a trigger to start
an auto-conversion sequencer. The number of auto-conversions is two and a
single sampling of voltage and current signals is performed for each trigger.

4.3.3 1/0 Ports Module Initialization

The commercial driver module contains an enable pin InB (shown in Fig-
ure which is able to block all PWM channels if pulled to zero. There-
fore, the PDPINT A interrupt service routine employs the digital I/O port
IOPB4 as an enable pin for the commercial driver module to achieve the
protection function. The pin IOPB4 is configured as an output port with
the I/O mux control register A (MCRA) and set to zero when a fault occurs.

4.4 Interrupt Service Routine (ISR)

As shown in Figure[4.1], three ISRs are applied to perform the current control
and protection functions.

Timer 1&2 ISRs

The major features of Timer 1&2 ISRs have been described in Figure
Here the discussion will be focused on the time sequence between two ISRs.
In these two routines, the timer underflow events are configured to generate
interrupts which means an interrupt event will occur once the counter of
timer 1 or 2 reaches “0000h”.

T1U_ISR

T2UISR AT S,
160kHz | Sampling |

Figure 4.3: Timer 1 and 2 ISR Sequence
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4.5. Generation of Sine Wave

Figure depicts the time sequence of two ISRs (TxU_ISR represents
the associated interrupt routine, x = lor2). It can be seen that each un-
derflow interrupt event of timer2 will perform two conversions: one is volt-
age sampling and the other is current sampling. Due to the ADC auto-
conversion sequencer, the pointer of the sequencer will move to the address
of next two channels in the sequence. Because the frequency of timer2 is
eight times of the timerl’s, 16 conversions are implemented in one PWM
period and the pointer of the ADC sequence is set to the original address
automatically.

Additionally, timer 1 and 2 must be synchronized to keep the correct time
sequence between two timers. Therefore, the timer2 is reset and started at
the beginning of each T1U_ISR.

PDPINTA ISR

With the protection circuit shown in Figure the system is capable of
monitoring the overheat and overcurrent faults. Figure [1.4] shows that the
pin IOPB4 is set to low level which will block all PWM outputs of the driver
module so that the whole system is able to survive a severe accident.

Start
PDPINTA ISR

Save Interrupt
Context

Set IOPB4
to Zero

Restore Interrupt
Context

Figure 4.4: Flowchart of PDPINTA ISR

4.5 Generation of Sine Wave

To simulate an inductive or capacitive load with different input sources, a
general approach based on Ldir,/dt = vy, or Cdv./dt = i, might be possible.
In each PWM switching period, Aij, or Av. can be calculated using these
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4.5. Generation of Sine Wave

two equations and after comparison with the actual Ai; or Av., a new
duty cycle D can be calculated and used to control the current to track the
required load characteristics.

However, this prototype only focuses on the 60Hz sinusoidal voltage
source and thus a sine look-up table will be implemented to achieve the
inductive or capacitive loads. Compared with the general approach, the
sine look-up table needs less operation time.

The table contains 512 words to represent sine values of phase angles in
the range of [0°,360°]. As a result, the resolution on phase angle of electronic
loads is limited to 360/512 = 0.703125°.

In the binary system of DSP, the phase angle 0 varies from 0 to 4095.
As only 512 words are available to represent this range, 6 is divided by 8
and stored into the variable index that will be used to address the lookup
table.

The content of the table row pointed by the index is fetched in indirect
addressing mode via AR5 auxiliary register (Figure. This content coded
in Q12 format is stored in the variable sincos that will be used in the phase
angle calculation of electronic loads.

0 -
Sine Table 5%
Address 101
Index 409

e > - 1o

4096
4095
L

— 3m/2

— 2n

Figure 4.5: Sine Look-up Table

Note that 90° is added to € to get the cosine value of the phase angle.
This operation corresponds to addition of 128 (512/4) to the value of index.
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4.6. Digital PI Control

4.6 Digital PI Control

The PI controller is a generic control loop feedback mechanism widely used
in industrial control systems. It is an effective approach in nearly all types
of the feedback system, especially for systems containing a single pole. In
our control program, a digital PI control will be implemented.

An analog PI controller can be expressed by:

u(t) = Kp [e(t)—l—%/Je(t)dt}%—uo (4.5)

Where Kp is the proportional gain, 77 is the time constant of the con-
troller and thus the integral gain K; = Kp/T7; e (t) and wu (t) are the input
and output of the controller respectively.

The proportional term means that the system responds in proportion
to the deviation from the set point and determine the sensitivity of the
controller to the error. A high proportional gain results in a large change in
the output for a given change in the error. If the proportional gain is too
high, the system can become unstable. In contrast, a small gain results in a
small output response to a large input error, and a less sensitive controller.

The integral term means that the system will respond in proportion
to the integral of the error over time. A small time constant accelerates
the movement of the process towards setpoint and eliminates the residual
steady-state error that occurs with a proportional only controller. However,
since the integral term is responding to accumulated errors from the past,
it can cause the present value to overshoot the setpoint value.

In order to implement the PI controller in a DSP, it has to be converted
into digital form. A common way of doing this is to discretize the controller
to approximate the continuous time derivatives as follows:

k
T
up = Kp €k+?§m;)€j + up (46)

Where k represents the ky, sampling, T is the switching period and
ug is the initial value of the output. Considering the k;, and (k—1),,
samplings, the change of output at the k;, sampling can be derived:

Aup = up —up—1 = Kp (ek — ekfl) + prijek (4.7)
Upon collecting items, one obtains

u, = up—1 + (Kp + Tpum K1) e, — Kper_1 (4.8)

57



4.7. RLC Algorithm

With Eq.(4.8)), a digital PI controller can be implemented easily in the
DSP program. Additionally, a saturation block is also implemented in the
program to protect the control system from the integration saturation.

4.7 RLC Algorithm

The device we designed outputs different kinds of load characteristics by
controlling the inductor current. Hence, a current command calculation
block shown in Figure is required for different electronic loads and the
algorithms of different loads will be described here.

For the resistive loads, the current command calculation is quite straight-
forward and easy to implement in the DSP program. As a resistor, the
current flowing through and the voltage across it are in phase, and thus the
inductor current iy, is proportional to the source voltage V, at each sampling
point. Therefore, in the software, the current command can be obtained by
simply dividing V, by the simulated resistor R, .

When it comes to the inductive or capacitive loads, however, such a
simple algorithm couldn’t be used any more due to the phase difference
between i, and V. Because the inductive and the capacitive loads have
similar V' — I characteristics, only the algorithm of the inductive loads will
be discussed here in detail.

Phase Detection Block

In order to simulate the inductance V — I characteristic with respect to the
reference voltage V, it is necessary to detect the phase angle of V; so that
the control software can output the correct current with 90-degree phase
delay (90-degree lead for the capacitance loads). In our program, the first
cycle of Vj is used for phase detection without any other operations.

As shown in Figure @, checking the zero points of V; is an effective
approach of the phase detection. In the program, two variables are defined
to save the previous and current voltage values: V; is the old value and V5
is the current value. When V7 > 0 and V5, < 0, Z; can be found and the
phase angle is 90° (vy = V, X cos (wt)); when Vi < 0 and Vo > 0, Z5 can
be found and the phase angle is 270°. Once the zero-crossing and the phase
angle are detected, the correct phase shift ¢ can be generated using wt + ¢
(¢ = 90° for the inductive loads).
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4.7. RLC Algorithm

Figure 4.6: Phase Detection Diagram

Frequency Detection Block

In the first cycle of V,, the frequency is also detected to calculate the phase
angle using # = wt. Digitalizing this equation, one obtains

0 =w-At=21f N -Thym (4.9)
Where f is the frequency of Vj, Ty is the switching period and IV repre-
sents the Ny, switching cycle. The frequency f also equals
1

Nperiod X prm

f= (4.10)

Where Nperioq represents the period of V,, which can be got by Nperioa X
Tpwm- Insert Eq.(4.10]) into Eq.(4.9) and 6 can be derived

0 =21 x

(4.11)
period
In the program, once the first zero point of V; is found, a counter
FRQ_CNT will be started immediately until the second zero point occurs
and the period Nperioq is equal to 2 x FRQ_CNT. Then, the phase angle
can be derived using Eq. and the program will start to generate the
correct current command from the second zero point.

Magnitude Detection Block

The current command icy,g equals Iy,g - cos (wt + ¢), where I.,q is the
magnitude of the current and can be obtained by

_ IVl

Toma =
iz

(4.12)
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4.7. RLC Algorithm

Z represents the impedance of the inductive load (or the capacitive load) and
the voltage magnitude can be detected in the first cycle of V; by checking
the maximum value of V;. Figure shows the flowchart of the current
calculation block. The variable PhD_F LAG indicates whether the phase
detection is finished or not and the program will jump over the current
calculation block unless PhD_FLAG # 0.

PhaseDetection
Start
PhD_FLAG=0?

No

1, Zero Point
Found?

FRQ_CNT ++

A
Save [Vg|max
If larger than the
previous value

“. Zero Poin
Found?
Yes

Calculate lgmg
Using Sine Look-up Table

Y

»( END

Figure 4.7: The Flow Chart of the Current Calculation Block
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Chapter 5

Experimental Results

In the previous discussions, the principles, hardware and software imple-
mentations of this AC electronic load system have been introduced in detail.
The following chapter will show a series of experimental results to prove the
principles and real hardware system.

5.1 Experimental Conditions

On the basis of theory study and software simulation a prototype is re-
searched and developed shown in Figure

Figure 5.1: Control Cir- Figure 5.2: Power Circuit
cuit Board Board

Figure 5.3: The Whole Figure 5.4: Experimental
Circuits System
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5.2. Resistive Load Results

The experimental system consists of:

e A system control board including: voltage and current sensor circuits,
protection circuits, an ezDSP board and power supply circuits.

e A IGBT-based power board containing: an IGBT driver circuit and
an H-bridge IGBT inverter.

e A 3-phase AC source and a 3-phase transformer used to adjust the
voltage level of AC source.

e A DC power supply HPD 30-10 by XANTREX which can provide 60V
and 3A DC source

e Two series inductors, 2.6mH and 26mH, are used for ripple studies.
e A 31502 power resistor is used as the parallel resistor.

In the experiments, a 4-channel 500MHz Oscilloscope ( Lecroy 6050A)
is used to measure and save the results.

5.2 Resistive Load Results

With the consideration of simplicity and typicality, the electronic load ex-
periments will start with resistance loads. The peak voltage of AC source
Vgpeat: = 10V, the voltage ratio k = 1.3 and thus DC bus voltage V. = 13V.

5.2.1 The Range of Resistance Loads at L = 2.6mH

In the PSIM simulations, it is found that the value of the series inductor L
has to be changed with the variation of electronic load impedances. Accord-
ing to Table an inductor of 2.6mH is selected to achieve resistance load
experiments, the range of which is from 0.5p.u. to 2p.u.. The experimental
results are depicted in Figure [5.5] to

The variable Vgg;m shown in following figures represents the voltage
across Ry, which is calculated by Vggim = ir X Rsim and supposed to
equal to the AC source V;. It can be seen that Vggy, is mostly same as V,
both in magnitude and in phase.

On the other hand, the current ripple increases with increasing of Rgim
and introduces more high frequency interference. The current ripples for
different Rm,s can be obtained in the following Figures and
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5.2. Resistive Load Results

VRsim and Vg (Rsim = 0.5pu)
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Figure 5.5: Rgm =
Jpwm = 20kH z
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Figure 5.7: Ry = 1p.u. at fpum =
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5.2. Resistive Load Results

Table [5.1] shows the comparisons of current ripple between the results
of PSIM simulations and the experimental results. It can be seen that the
experimental results have 30% to 40% error with respect to the simulation
results. The main reason is because of the noise introduced by the AC source

V, and the noise AV,/V, shown in Figure and is around 20%.

Rgim(p.u.) | Simulation Results | Experimental Results | Error(%)
0.5 0.13 0.22 40.9
1.0 0.19 0.33 42.4
2.0 0.30 0.42 28.6

Table 5.1: Comparisons of Current Ripple between Simulation Results and
Experimental Results

5.2.2 Switching Frequency and Current Ripple

According to Eq., the PWM switching frequency is inversely propor-
tional to the current ripple. In this section, the effect of fp.m will be studied
at 10kHz and 20k H z separately and Rg;y, is set to 2p.u.. Figures to
show the current ripples at different frequencies.

VRsim and Vg (Rsim =2pu & fpw

= 10kHz)
m

V, andV_(Rsim=2pu & f = 10kHz)
pwm

Rsim

~ 10
> O T 7TE ya i A i 7
t o s _5’\ /\L ai /\1 ‘0\‘ ; | //‘l JARNA / \\ y
= / LK! \ / / / /|
>E 10 5'“’ 1 A/ \I 1\/ | k\" 1
S LV VLY VIV VIV Y
-20 L L L S L | AIL/2TL=0.95!
-0.1 -0.08 -0.06 2004 |, -002 0 20 .
M “0.032 00318 00316  -0.0314  -0.0312 -0.031

0.1 -0.08 -0.06 0.04 0.02 0 -0.032 -0.0318 -0.0316 -0.0314 0.0312
Time (seconds) Time (seconds)

Figure 5.11: Ry, = 2p.u. at fpuwm = Figure 5.12:  Current Ripple at
10kHz and L = 2.6mH Rgim = 2p.u. and fpym = 10kH 2

Table [5.2] shows the comparisons of experimental results at different
switching frequencies. It can be derived that the current ripple at 10kH z is
about 2.6 times of the ripple at 20k H z.Considering the measurement errors
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VRsim and Vg (Rsim =2pu & fpwm = 20kHz)
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Figure 5.13: Rgim = 2p.u. at fpum = Figure 5.14: Current Ripple at
20kHz and L = 2.6mH Rgsim = 2p.u. and fpym = 20kH 2

and the noise introduced by V,, the experimental result agrees well to the
theoretical value “2 times”.

frwam(kHz) | Simulation Results | Experimental Results | Error(%)
10 0.6 0.95 36.8
20 0.3 0.42 28.6

Table 5.2: Comparisons of Current Ripple at 20k H z

5.2.3 Series Inductor L and Current Ripple

The inductance of the series inductor L is also supposed to be inversely
proportional to the current ripple and the associated experimental results
are illustrated in Figure to to prove this relationship.

For the experiments, two inductors of 2.6mH and 26mH are selected
and the switching frequency equals to 20kH z and Rg;y, is still set to 2p.u..

It can be seen that the current ripple with the 2.6mH inductor is 7.7
times of the current ripple with the 26mH inductor which has about 20%
error compared with the theoretical value “10 times”. With the consider-
ation of measurement errors and the noise of the input source, the series
inductance is inversely proportional to the current ripple(Table .
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5.2. Resistive Load Results

L(mH) | Simulation Results | Experimental Results | Error(%)
26 0.03 0.06 50.0
2.6 0.30 0.46 34.8

Table 5.3: Comparisons of Current Ripple at 20k H z

VRsim and Vg (Rsim =2pu & L = 2.6mH)

0.1 -0.08 -0.06 004 -0.02 0
Time (seconds)

Figure 5.15: L = 2.6mH, Rgjy =
2p.u. and fpum = 20kHz
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Figure 5.17: L = 26mH, Rgy, =
2p.u. and fpum = 20kH 2

V, and Vg (Rsim =2pu & L = 2.6mH)
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Figure 5.16: Current Ripple at L =
2.6mH
VRsim and Vg (Rsim = 2pu & L = 26mH)
%
E_,‘HA mﬂ‘ | x\ Hy Hi‘ iw}‘* | HW
s e AR
s IS A ALY,
> LA A ™ 1 A L
Ai/21,=0.06
-09.048 -0.0478 -0.0‘475 -0.0474 -0.0472 -0.047
5
- -6
3_7\1‘.||A‘I\Ah|lll
E 8 ‘r\\
| AV IV 1
-?)‘.)048 -0.01178 -0401575 -0.01174 -0.01172 -0.047

Time (seconds)

Figure 5.18: Current Ripple at L =
26mH
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5.3. Inductive Load Results

5.3 Inductive Load Results

The principles and PSIM simulations of inductance have been introduced
previously and the experimental results will be shown in this section. From
Table[2.9] the parameters for different inductance ranges can be found. Here,
two inductors of 2.6mH and 26mH are selected, the switching frequency is
20kH z and the DC bus voltage Vg, = 1.5 x V.

The range of Inductance loads at L = 2.6mH

First of all, the range of inductance loads at L = 2.6mH will be depicted in

Figures - 5.19 and [5.20]

Voltage (V)

A andVg (0.5pu)

Lsim

[ 1 %3 = % i 1
-0.1 -0.08 -0.06 -0.04 -0.02 0

Time (seconds)

Figure 5.19: Lgym = 0.5p.u. at fpum = 20kH z
V andV (lpu)

Lsim

Voltage (V)

Il \
1‘_' \‘\‘ 1‘

0.1 -0.08 -0.06 -0.04 -0.02
Time (seconds)

Figure 5.20: Ly, = 1p.u. at fpum = 20kH z
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5.3. Inductive Load Results

The variable Vi, in the figures represents the voltage across Lg;,, and
can be calculated by Vigim = ir X ||Lsim||- It can be found that the mag-
nitude of Vi, is mostly equal to Vs and has 90 degrees phase delay to
Vy. Similarly with the resistance loads, the current ripple goes up with the
increasing of the impedance Lg;m,.

Series Inductor L and Current Ripple

In order to obtain better performance, the current ripple should be reduced
to a certain range and the most efficient method is increasing the series
inductance. In the experiments, 2.6mH and 26mH inductors are used sep-
arately to show the improvement on current ripples (Figure to

VI_sim and Vg (1pu) V, and Vg (26mH 1pu)

Lsim
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Figure 5.21: L = 2.6mH ,Lg,, = Figure 5.22: L = 26mH ,Lgm =

Ip.u. and fpum = 20kH 2 Ip.u. and fpum = 20kH 2
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Figure 5.23: Current Ripple at L =  Figure 5.24: Current Ripple at L =
2.6mH 26mH

It can be seen in the figures above that the current ripple decreases
significantly with the increasing of series inductance. The current ripple at
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5.4. Capacitive Load Results

L =2.6mH is 10 times of the ripple at L = 26mH, which means the current

ripple is inversely proportional to the series inductance.

5.4 Capacitive Load Results

The capacitance loads have the same features as the inductance loads and
the only difference is that the phase angle of capacitance loads leads the AC
source Vy by 90 degrees instead of 90 degrees delay. The following figures
depict the range of capacitance loads at L = 2.6mH.

Voltage (V)

Voltage (V)

V

Csim

and Vg (0.5pu)
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Figure 5.25: Cgp, = 0.5p.u. at fpum = 20kH 2
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0

Vesim and Vg (1pu)

-0.06 -0.05 -0.04 -0.03

Figure 5.26: Cyjpn, = 1p.u. at fpwm = 20kHz

-0.02 -0.01

Time (seconds)

0 00l 002 003

Figures[5.27to[5.30|show the the relationship between current ripple and
series inductance. From the experimental results, it can be derived that the
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5.4. Capacitive Load Results

current ripple is inversely proportional to the series inductance as same as
the conclusion of inductive loads.

Vcsim and Vg (1pu) VcSim and Vg (26mH 1pu)
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Figure 5.27: L = 2.6mH ,Csp,
Ip.u. and fpum = 20kH 2
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Figure 5.28: L = 26mH ,Cgy =
Ip.u. and fpum = 20kH 2
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Figure 5.29: Current Ripple at L =

Figure 5.30: Current Ripple at L =
2.6mH

26mH
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Chapter 6

Conclusions and Future
Work

In this thesis, a DSP-controlled programmable AC electronic loads used in
the unintentional islanding test has been implemented. A number of issues
regarding the principles and the specifications of electronic loads have been
investigated. In this final chapter a summary of the contributions contained
in this thesis is made and some conclusions from this work are also presented.
In the final section ideas for extending the results of this thesis are presented.

6.1 Synopsis

The chapter 2 introduced the basic principles of the AC electronic loads
designed in this project. A schematic of AC electronic loads based on the
H-bridge dc-dc converter with a regulated DC bus voltage was presented
first. Then, some theoretical analysis of the limitations of this circuit was
developed and the relationship between the parameters of the circuit and the
range of the electronic loads was introduced to determine the specifications
of this circuit for different electronic loads. At the end, some simulations
using PSIM were performed to verify the specifications for different ranges
of electronic loads obtained from the principles. Additionally, the ac small-
signal model of this system was derived and a set of PI parameters was
obtained using MATLAB and PSIM.

In the following chapter the hardware implementation was presented in
detail. The features of the main parts, such as the IGBT module, the driver
module and the ezDSP board, were introduced as well as the configura-
tions of these parts. Then, the voltage and current measuring circuits, the
temperature sensor and the protection circuits were presented.

The chapter 4 described the realization of the control program on TI’s
DSP TMS320LF2407A. At the beginning, a Q-format floating point rep-
resentation for the fixed-point DSP was introduced and the normalization
of voltage and current in the per-unit system was developed. A digital PI
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6.2. Conclusions

control program was also presented here. At the end, the current control
algorithm for different types of loads was described.

The chapter 5 showed the experimental results for different loads and
conditions. The current ripples of the experimental results were analyzed
and matched well with the theoretical analysis in the chapter 2.

6.2 Conclusions

This thesis has explored the design of an AC electronic loads used for the
unintentional islanding test and a real hardware system has been developed
and tested with a 60H z AC voltage source. According to the experimental
results, it is proved that this system is able to simulate different types of
loads and in this project it was programmed to simulate resistive, inductive
and capacitive loads. In order to simulate a complex circuit, some minor
modifications of the current command calculation algorithm are required.
Therefore, this device could work as a programmable AC electronic loads
for the real unintentional islanding test.

However, because this system is based on an H-bridge inverter and works
in the switching mode, the current ripple is much higher than that of the
traditional electronic load which works in the linear mode.

£
4—

IIoad

Iset

Error
amplifier

Q1

|sense

|

Figure 6.1: Simplified Electronic Load Diagram

Figure [6.1] shows the simplified structure of the traditional electronic
load. I is the load current set value. Igense 1S the actual load current
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6.3. Suggestions for Future Work

sense signal. The feedback circuit consists of error amplifier and feedback
network Zy. The amplifier compares the I s and Isense, the output signal
is used to control power transistor ()1 base voltage. As a result, the power
transistor Q1 only pulls current Ij,,q equal to I, into the electronic load.
When Ijpqq < Isetr, feedback circuit will turn on Q1 harder to pull more
current until Ij,qq = Iset. When Ijpaq > Iset, feedback circuit will turn on
Q1 less to pull less current until Ijyuq = Lset-

Therefore, a combination of the switching mode and the linear mode
might be a better solution for the higher accuracy requirement (shown in
Figure . The switching mode block could track the required load char-
acteristics and the linear mode block can compensate the current ripple
induced by the switching operation to achieve the smoother load character-
istics.

Iload
- —- <+-—-—-———-
Switching !
Mode \
AC(
Linear
Mode

Figure 6.2: Combination Electronic Load Diagram

6.3 Suggestions for Future Work

It has been proved that the system designed in this thesis is able to work
as an electronic load. But in order to finish the real unintentional islanding
test, there is still a lot of work to do.

e A DC power supply which can output up to 220V is required for
the real islanding test. As the previous analysis, the system need a
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6.3. Suggestions for Future Work

regulated DC bus voltage. Therefore, the islanding test needs a high
voltage DC power supply to provide a high enough DC bus voltage.

A three-phase four-leg inverter is required for the three-phase uninten-
tional islanding test. In our design, the system is an H-bridge inverter
which is only able to do the single phase islanding test. For the three-
phase test, a four-leg inverter should be used and the schematic is
shown in the Appendix

The output filter has to be designed for the real test. Due to the
switching parts are used in the circuit, a lot of high frequency inter-
ference is introduced. But in the real islanding test, too much noise
will lead to the testing failure. Therefore, an output filter is needed to
reduce the high frequency noise. (Shown in the Appendix

A phase-locked loop (PLL) circuit is required for the frequency detec-
tion. In our design, the frequency detection was implemented in the
DSP program. However, it is not very accurate and unable to per-
form a real-time frequency detection. The PLL circuit can detect the
real-time frequency of the applied voltage source and provide a high
precision.

Modify the current calculation algorithm for the islanding test. The
islanding test requires a variable LC' circuit with respect to the differ-
ent output reactive power generate by the device under test. So a new
current calculation algorithm has to be implemented.
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Appendix A

Schematics

A.1 Schematics of Control Board
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Schematics of Control Board
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A.1. Schematics of Control Board
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Schematics of Control Board

Al

dNL

NOOYH 1 JapesH
T
z
GH———— ¢
i
MS 9ND
AN
Tde
—— 0z 6T
ms — et
— 9T &I
zuomj 55 61
AR
ENA 0T 6
8 1
WA 9 5
v o€
TNA z 1
ZND
TND
e
dAL SND
.
T
]
ST+ z
i _‘ €
;j 14
¥ND
G+

€Ty

4uooT G+
_|A D R 1
1€0
w
NVBEENT | —
v
z
ven S
5 vTY
W 6dNL MG
2Ty IS
1
G+

Figure A.4: TMPSensor.SCHDOC

80



A.2. Schematics of Power Board

A.2 Schematics of Power Board
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A.2.

Schematics of Power Board
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A.3. PCB Layouts

A.3 PCB Layouts
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A.3. PCB Layouts

S ————— g e—

ﬁos—m—mf—@; mo

Figure A.9: Control Board PCB Bottom Layer

85
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Appendix B

Schematics for 3-Phase
Islanding Test
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Appendix B. Schematics for 3-Phase Islanding Test
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Appendix C

Unintentional Islanding Test

Conditions

Unintentional Islanding Test

Test conditions:
1. Single Phase 120V /60H,/ 1kW
2. PF=[1,037,0707] & 0,=[0,25,1]

Values Table:

Criteria Value Unit Notes

Piow 1000 w

Qioud 0 VAR Matched LC

Veps 120 \% RMS
feps 60 Hz

Vit 120 A\ Inverter Under Test

Pur 1000 w

Lyt 8.33 A RMS

PFur 0.95 0=18.195°

o 1 RLC below designed for this Oy
Rioad 14.4 OHM VP

Liow 38.197 mH R/ (2mf,0,) ,i(0)=11.785A
Crow 184.207 uF 0,/ 2mf,R)

Oy 2.5 RLC below designed for this Oy
Riou 14.4 OHM V?/P

Liow 15.28 mH R/ (2mf,0,) ,i(0)=11.785A
Crow 460.52 UF 0,/ 2nf,R)

C 1
Q/.:R\E for a parallel RLC load, and Q.= W_ 1

Pr=P roat Peps & Qur=0 1ouat Qs
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