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Non-Isolated Integrated Motor Drive and Battery Charger Based on the Split-Phase PM
Motor for Plug-in Vehicles

ISABEL SERRANO GUILLEN
ALVARO BERMEJO FERNANDEZ
Department of Energy and Environment
Division of Electric Power Engineering

Chalmers University of Technology

ABSTRACT

In electric vehicles and plug-in hybrid electric vehicles, the utility grid charges the vehicle
battery through a battery charger. Different solutions have been proposed to reduce the size
and cost of the charger. One solution to achieve this is to include the devices used in the
traction circuit in the charger circuit; this is called an integrated motor drive and battery
charger.

A split-phase PM motor, a motor with double set of windings, gives the opportunity to
implement different winding configurations to keep the motor at stand-still when it is
connected to the grid. The motor will act as inductors in the charging process. This is an
advantageous chance in order to use the motor in an integrated battery charger. In the current
thesis, a non-isolated battery charger based on some of these special configurations is tested.

Two different PM motors are utilized in proposed chargers. Different windings
configurations have been practically tested. The main challenge is to keep the motor in stand-
still during charge operation. Practical results show that with proposed schemes, the motors
are in stand-still.

A National Instrument CompactRIO system is used to perform the control of the integrated
charger in the practical implementation. A brief explanation of the practical setup and a user
guide for running the experimental system is included as well.

Keywords: Plug-in vehicles, battery charger, integrated charger, split-phase PM motor,
Pulse Width Modulation (PWM), CompactRIO controller.
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NOMENCLATURES

PM Permanent magnet

IPM Interior permanent magnet

PHEV Plug-in hybrid electric vehicles

EV Electric vehicles

d Direct axis

q Quadrature axis

Vbe DC Bus voltage

Vi Line to line voltage

EMF Electromotive force

Pl Proportional integral

THD Total harmonic distortion

Yy Flux direct axis

Yq Flux quadrature axis

Yom Permanent magnet flux

Ly, Inductance of xy

W Frequency

iq Current direct axis

iq Current quadrature axis

P Number of poles

T, Electromagnetic torque

R Resistance

L Inductance

s second

A Ampere

\Y Volts

W Watt

Kpy Voltage controller proportional coefficient
K;, Voltage controller integrator coefficient
K;; Current controller integrator coefficient
Ky Current controller proportional coefficient
fow Switching frequency

VOC Voltage Oriented Control

IGBT Insulated gate bipolar transistor

PWM Pulse Width Modulation

cRIO CompactRI10 control device
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Chapter 1. Introduction

Chapter 1. Introduction

This chapter describes the project background, the objective and the main structure of the
thesis.

1.1. Background and Previous Work

Nowadays electric vehicles (EVs) and plug-in hybrid electric vehicles (PHEV) are developed
by many companies. Since one of the most important challenge is the battery, many research
and studies are performing to improve its characteristics.

The reduction of the cost, space and weight of battery charger is one of the most important
aims. To achieve that, the proposal is using the hardware used during the traction mode, the
motor and the inverter, in the charge time. That is called an integrated motor drive and battery
charger. In this integrated charger, the motor is used as some inductors. As a drive system, a
split phase PM motor with a double set of windings is used. The winding configuration
changes from charging to traction operation mode through a relay device [1].

1.2. Purpose and Contributions of the Thesis

The main purpose of this thesis is to practically verify an integrated motor drive and non-
isolated battery charger based on different winding configurations [1]. The contributions can
be summarized as:

e Test of the control through two experimental setups with different PM motors and
winding configurations, proving the suitability as a battery charger.

e Enhance the system control, programmed in Labview and implemented in a
CompactRio controller in order to perform an efficient control over the battery
charger.

e S. Haghbin, I. Serrano Guillén, “Integrated motor drive and non-isolated battery
charger based on the torque cancellation in the motor,” IEEE International Conference
on Power Electronics and Drive Systems, 2013.

e S. Haghbin, R. Ghorbani, A. Bermejo Fernandez, I. Serrano Guillén, “An Integrated
Motor Drive and Battery Fast Charger Station for Plug-in Vehicles,” XIII Spanish-
Portuguese Conference on Electrical Engineering(XIIICHLIE), 2013.

1.3. Thesis Outline

This thesis is divided into five chapters. After this introduction, Chapter 2 gives an
explanation of integrated motor drives and battery chargers, describing the configurations and
the proposals. Chapter 3 explains the characteristics of the split-phase motor and the PM
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Chapter 1. Introduction

motors used in the experimental setup. The whole experimental setup, divided into different
parts and the results obtained, are shown in Chapter 4. The conclusions and the future work
proposed are in Chapter 5.

In addition, there are three appendixes. Appendix A is dedicated to a user guide of the
CompactRIO controller, Appendix B explains the experimental setup used for measuring the
parameters in the PM motors used and Appendix C recollected all the datasheet of the
components used.
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Chapter 2. Integrated Motor Drives and Battery Chargers

Chapter 2. Integrated Motor Drives and
Battery Chargers

Electric vehicles (EVs) and plug-in hybrid electric vehicles (PHEVS) use grid power to charge
the battery while the vehicle is parked. Normally the traction circuit components are not
engaged during the battery charging, so there is a possibility to use them in the charger circuit
to reduce the system volume, weight, and cost. That is called an integrated motor drive and
battery charger or simply an integrated charger in this context [1].

Generally there are two types of battery chargers: on-board type and stand-alone (off-board)
type. Moreover, these battery chargers can be galvanically isolated or non-isolated from the
utility grid, a detailed comparison between different kinds of battery chargers used in charger
for vehicle applications currently used can be found in [1].

Recalling the related standards, galvanic isolation is not a mandatory requirement, but it can
greatly ease the safety requirements. So, the isolation is a very favorable option if the cost and
space can be afforded, interesting examples with probed efficiency can be found in [1].

Anyway, a non-isolated charger usually represents high cost solutions, due to the need of
devices that provide some kind of isolation to the system, like an isolated transformer by
example shown in [1]. When the implementation of an isolated battery charger is not
possible, for cost or space reasons, a non-isolated charger become the most attractive solution.
This kind of integrated chargers results more efficient than the non-isolated ones mainly
because of the components, for instance in an integrated non-isolated charger there is not a
need for an isolated transformer.

In this thesis, a non-isolated integrated battery charger based in a PM split-phase motor is
explained and tested. The main idea of the integrated battery charger is to take advantage of
the devices uses in the traction mode, and use them for charging operation. Based on this idea,
the inverter used in the traction circuit showed in Fig. 2.1 will be used like a PWM controlled
rectifier with a control strategy explained in the following sections. Since the controlled
rectifier could be seen like the main component of the charging system, in the purposed
integrated charger the motor used for the traction system is also used in the charger stage, the
motor will represent an inductor. In Fig. 2.2 it can be observed the diagram of the proposed
integrated charger include in a vehicle (the inverter will be connected to the grid through the
motor in the charging stage).

The main problem of connecting the inverter through the motor in the charger stage is the
developed torque in the motor because of the current flowing in the windings. The motor may
start to rotate or vibrate if the developed torque is not controlled in a proper way. So, keep the
motor in state of zero-torque operation is one important criterion in an integrated charger. For
example, one solution for torque control is to use a mechanical brake to keep the rotor at
stand-still, but if the motor starts to rotate, there will be induced back EMF that makes the
control very complicated in addition to the imposed extra rotational losses [1].
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Figure 2.2: Main diagram of a non-isolated integrated charger inside the vehicle.

2.1 Proposed non-isolated integrated charger

To avoid any rotation in the rotor during the charging stage, the charger proposed in [1] is
based on a special winding configuration for a split-phase PM motor that imposes zero-torque
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condition and keeps the rotor in stand-still during the charging time. Detailed explanations of
the configuration and the behavior of the PM motor during charging time are given in Chapter
3.

With these special winding reconfigurations, the machine will represent just an inductance
and a resistance between the grid and the inverter, as is shown in Fig. 2.3. The inverter acting
like a controlled three-phase Boost rectifier will be explained in the following sections.

Fig. 2.3 shows a simple diagram of the system in charging mode, where the inverter acts like
a PWM controlled rectifier. It is possible to control the DC voltage in the battery side;
therefore the power transmitted to the battery can be controlled through the control of the
inverter. As mentioned earlier, the PM motor has a special winding configuration that keeps
the motor at stand-still during the process.

Inverter
(Rectifier) | Vdc | Battery

PM Motor -

Three-Phase B
Grid Source

Figure 2.3: Simple diagram of the proposed integrated charger in charging mode.

2.2 Circuit topology of the battery charger (PWM Boost
rectifier)

As is explained in the previous section, the inverter used in the traction mode in the vehicle
will be used during the charging as a PWM controlled rectifier. Since the voltage level of the
battery should be high (normally from 200 to 600 Vdc) in order to have proper operation in
traction mode, a topology of Boost controlled rectifier will be used in charging mode. Fig. 2.4
shows the Boost converter power stage for the battery charger. To have a proper control in a
Boost converter topology, the voltage in the DC should be higher than the peak line to line
voltage of the input.
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INVERTER

BATTERY| Ugc

Figure 2.4: Electrical charger circuit in the proposal integrated battery charger.

2.3 Battery charger control

There are different ways to control a three-phase Boost converter [2]. For the control of the
PWM Boost rectifier used in the developed integrated charger, the voltage-oriented control
(VOC) method is used. VOC represents a high-efficiency method for the control stage in
controlled rectifiers. A deep analysis of the method and its efficacy is reported in [3].

VOC is based on a series of transformation from a three phase stationary reference system abc
to a synchronous rotating reference system dg, through a two phase stationary system af.

The first transformation is the change from the abc frame to the off frame, that is called Clarke
transformation, which is based in the following equation:

_Z —~lra
C H (2.1)
N S

o wiN
|

6] =

In the of reference frame, the degree of freedom is two (o and B) instead of three (a, b and c).
But in the aff frame the variables are still rotating, so another transformation should be
performed in order to keep the variables constant for controlling at steady state; this
transformation is called Park transformation that more information can be found in [3].
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With the application of the Park transformation to the aff values, the magnitudes in the dq
frame remain constant at steady state and become DC values simplifying the control process.
Fig. 2.5 shows the main diagram of the system including the dq control.
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D F
Controller
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Figure 2.5: Diagram of the voltage oriented control schema used in the thesis.

Applying the explained transformations to rectifier the equations, the equations are referred to
the dq reference as follows; the theoretical process used for obtaining the following equations
can be found in [2]:

Upg = Rpipg + Lmaim —wLiyg +uyq (2.3)

. d . .
qu = leLq + Lm%qu + leLq + ulq (24)

where w4, u.q, uq and u;, are line and inverter dg voltage components respectively, R,
and L,, represent the resistance and inductance of the PM motor, and w represents the
frequency of the grid. i, 4 and i, represents the dq components of the grid currents as well.

The power equations are described as:

3 . .
P = 5 (Uraira + UrqliLg) (2.5)

Page 7



Chapter 2. Integrated Motor Drives and Battery Chargers

3 . .
Q= E(qu lpag — uLdqu)- (2.6)

In this particular case, as a consequence of the transformation to the dq axes, the g component
of the voltage and current should be zero. The power equations will be simplified as follows:

3.
PZEuLdlLd (2.7)

Q=0 (2.8)

As can be seen in above equations, as a result of i,, = 0, the equations will be simplified,
keeping the reactive power in zero (unity power factor), and setting the active power in a
function of i,,4, since u;, represents the transformation of the source voltage that will be a
fixed constant for the system.

To carry out the control a decoupled strategy is used as is shown in Fig. 2.6, that has a high
performance [3].

Fig. 2.6 shows the main diagram of the decoupled control. As shown in Fig. 2.6, the error
signal of the DC voltage goes inside the PI voltage controller that generates the i, reference.
The i, reference is set in zero for keeping the unity power factor. Afterward, the shown
decoupled strategy is used for generating the V,; and V; for the inverter that will be
transformed in a PWM block in order to generate the pattern for the inverter switches.

W* + Pl Id* + Pl ld* + -
Voltage Controller Current Controller vd

W=(Vdc)?

VAV,

+/ PI Id* .
Current Controller Vq

EqT
Figure 2.6: Decoupled controller block diagram used in the control stage of the three-phase
Boost rectifier.

1g*=0
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Chapter 3. Split-phase PM Motor

A split-phase motor has double set of shifted three phase windings. They are used in different
applications. Each winding of a split-phase motor is divided into two equivalent parts and
shifted symmetrically around the stator geometry [4]. The current thesis studies the
implications of using this motor in integrated chargers for electric vehicles and plug-in hybrid
electric vehicles.

One important aspect of using the motor in the charger is that, due to the windings harmonic
contents and the phase inductances dependent to the variable rotor position, there will be a
current limitation that reduces the maximum charging power. That will be solved reducing the
charge power for reaching an acceptable performance in the battery charging [4].

As is explained in the previous chapter, the condition of keeping the motor in stand-still
during the charge time is one of the most important challenges for the proposed integrated
battery charger. Different solutions to develop zero torque are studied. One of them uses a
split-phase PM motor with dual inverters [5] and other solution is to use the split-phase PM
motor as inductors and through the midpoints of the winding reach the zero torque condition
since during the charge time the winding configuration used makes it possible to cancel out
the mutual flux for using the leakage inductance in the battery charger [1].

Fig 3.1 shows how the winding configuration for a PM motor in traction and charging mode,
that can be reconfigured through a switching device is [1].

In order to have the motor in stand-still and study its behaviour in an experimental setup,
some variants for the winding configurations in a split-phase PM motor will be explained,
tested and measured in the current chapter.

e |

|

|

|

|

| DCiDC

| Converter

+

BmEl Traction

|

—_ — — -

]

. | +
. c| | pomc i

_or L “F | comener! [en] Charging

Single-Phase A ,‘J |

I r |
S 52 54 56 |
1 | |—

PM Motor St '
Inverter

Three-Phase

- -]

Ley Leo

Figure 3.1: Non isolated battery charger based on the dual-winding PM motor [1].
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Fig. 3.2 shows a cross-section of a two-pole PM motor, in which there are six winding shifted
30 electrical degrees. A model of this machine is studied and the mathematical equations are
developed [6].

Figure 3.2: Cross-section of the split-phase PM motor with six stator winding [1].

For a split-phase machine the dynamic model of the electrical part can be expressed as [1]:

d
Vg1 = Tslqr + Elpm — W Pgq (3.1)
. d
Vg1 = Tslq1 + Elpql + wrl/)dl (32)
. d
Vgz = Tslqz + Elpdz — W Pg2 (3.3)
) d
Vg = Tslgz + Elpqz + W Pg (34)
Ya1 = Lalar + Linalaz + Ypm (3.5)
wa = Lgig1 + Lmgiq2 (36)
Yaz = Limatar + Lalaz + Ypm (3.7)
l/)qz = Lmqiql + Lqiqz (38)

where Ly, Ly, Lipg, Lmg, Ya. ¥ are the direct and quadrature axis winding self, mutual
inductances and the fluxes, respectively. Moreover, Ly = L; + Lyyg and Ly = Ly + Lyg. It is
assumed that the zero components are zero due to symmetrical three-phase quantities.

Page 10
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The resultant electromagnetic torque can be described as [1]:
Te =% [Wpm(iqr + igz) + (La = Lq)(iariqr + lariqz + laziqr + faziqz)]- (3.9)
For a PM motor L; = L, so the torque can be simplifies to:
Te = 2= Ppm(iqu + igz). (3.10)

In [7] a more general case of a split-phase PM is presented. From (3.10) different
configuration will be developed for the motor winding to achieve the condition of zero torque.

Two PM motors are studied in this thesis, one 2 kW and one 20 kW. The description of the
motors and the configurations of their inductances are explained in this chapter.

3.1. 2 kW PM motor

A 6 pole permanent magnet motor with split stator is tested. The model of the PM motor is
SBK5-0430 from BEVI Company. The rated speed of the machine is 1000 rpm. Fig. 3.3
shows an approximate geometry of the machine.

Figure 3.3: Geometry of the 2 kW PM motor.

Different configurations of the motor winding are studied; serial and parallel connection.
These configurations are chosen to achieve zero torque in the machine for cancelling out of
the mutual flux that as is developed in equation (3.10) creates zero electromagnetic torque.
The experimental setup and the inductance measurements are presented in appendix B.
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Chapter 3. Split-phase PM Motor

The parameters of the motor are shown in Table 3.1.

Table 3.1: Parameters of the 2 kW PM motor.

Value Units
Number of phases 3 -
Number of poles 6 -
Number of slots 24 -
Outer stator diameter 120 mm
Total axial length 101 mm
Rotor outer diameter 59 mm
Shalft diameter 20 mm
Air-gap height 0.5 mm
Rated torque 3.9 Nm
Rated speed 1000 r/min

The values obtained for the resistance and inductance in both cases are:

Table 3.2: Experimental results for the 2 kW PM motor.

Equivalent Resistance Equivalent Inductance
Serial connection R=14310Q L =19,33 mH
Parallel connection conf. 1 R =3,5775Q L =4,64mH
Parallel connection conf. 2 R =0,3975Q L =1,357 mH

The criterion chosen for selecting the winding configuration of the PM motor is the highest
value of the equivalent inductance, due to a high inductance reduces the ripple of the current
and it makes easier the control. In addition, in parallel winding connection the motor can
handle the double current in each phase than in serial connection. For these reasons, the
configuration used in the experimental setup is the first parallel winding connection.

Fig. 3.4 shows the different configurations tested. In this PM motor, since the stator windings
are not shifted, the value of the equivalent inductance does not change depending of the rotor
position. This is an important point for the implementation of the control.
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Figure 3.4: Winding configuration for the 2 kW PM motor: a) Serial connection, b) parallel
connection configuration 1, c) parallel connection configuration 2.
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3.2. 20 kW PM motor

A 4 pole interior permanent magnet (IPM) motor is studied in this section. This machine was
designed as an innovative integrated charger able to use the traction drive system in an
inverted power direction scheme [8]. For that aim the machine is constructed for working in
conditions of traction and charge mode, since the windings can be reconfigured depending of
the desired operation mode. The geometry of the machine is shown in Fig. 3.5. The interior
permanent magnet motor can work at a maximum speed of 6500 rpm, with a rated speed of
1500 rpm. An important characteristic of this motor are the shifted stator windings.

Figure 3.5: Geometry of the 20 kW PM motor [10].

The 20 kw PM motor used was designed by Kashif Khan [8]. The geometry of the machine
is, initially, designed to maximize the reluctance torque and after magnets are introduced to
increase it. In Table 3.3, the main characteristics of the 20 kW PM motor are summarized.

In the same way to the 2 kW PM motor, different configurations are studied for the machine
fulfilling the condition of zero torque due to the cancelling out between them. The results
obtained in the measurement are shown in Table 3.4.

Table 3.3: Parameters of the 20 kW PM motor.

Value Units
Number of phases 3 -
Number of poles 4 -
Number of slots 24 -
Outer stator diameter 180 mm
Total axial length 330 mm
Rotor outer diameter 112 mm
Shalft diameter 51 mm
Air-gap height 0.35 mm
Rated torque 127 Nm
Rated speed 1500 r/min

Page 14



Chapter 3. Split-phase PM Motor

Table 3.4: Experimental results for the 20 kW PM motor.

Equivalent Resistance Equivalent Inductance
Serial connection R=160Q L =88mH
Parallel connection R=040Q L =6.6mH

Fig. 3.6 show the configurations tested. For the same reasons that are mentioned for the case
of 2 kW PM motor, in parallel connection the motor can handle the double current in each
phase and the value of the inductance is the highest making the control easier, the parallel
configuration is chosen for the experimental setup.

PM Motor
|- - T T T T T T T T T T T T T T T T T T T T T T T T |
|
A 1A A A A, -As As A A
| Yy Y\l Y Y\S 2 :
' [
B : B, -B; -B, B, -B; B; B, -B, |
T 2YYY Y'Y Yo Yl 2y L
|
|
C |C1 'Cl 'C2 C2 -C3 C3 C4 -C4 :
J Yy VY= VY-S Yy ;
. - - - - ________ 1
PM Motor
|mmmmmmmmm e m———— =
I Ay A1 -A; A, :
I L Yy Yy L I
| I
| Az Az A Ay
| Y\ LYYy :
I B, B; -B; B, |
: LYY Yyl :
—— ——
I Bs B: B, Bal
| YYY 2 YY |
|
G C: -G, C: |
| Yy VS |
|
—l—( .._l_
-Cs Cs; C, -Cy4

Figure 3.6: Winding configuration for the 20 kW PM motor: a) Serial connection, b) parallel
connection.

As mentioned before, the windings in the stator of the 20 kW PM motor are shifted which
make the value of the inductance a function of the rotor position. For this reason it is not
possible have an accurate value for the inductance of the motor and it will affect in the control
stage at the time of setting the parameters for the controller.

Another important issue observed in the 20 kW IPM is that, when the inductance value of the
configurations were measured, the motor could not be fed with high voltages which generate
high currents, due to the motor started to shake and producing a considerably noise. More
information about this phenomenon can be found in [1].
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Chapter 4. Practical Implementation of
Non-isolated Battery Charger

In order to probe the reliability of the non-isolated charger with the configuration of the split-
phase PM motor explained before, two experimental setups are implemented and tested in the
lab.

The first implemented setup uses the 2 kW PM motor with the parallel configuration
explained in the previous chapter and is shown in Fig. 4.1. With this configuration the
developed torque for the machine in these conditions is close to zero. This conditions leads in
a zero speed (the machine remains in stand-still) during the charging time.

PM Motor

Three-Phase
Or
Single-Phase

Battery | vdc Inverter v

Wl,A WZ‘A WB,A WA,A

LYY YYY

Figure 4.1: Configuration used in the experimental setup for 2 kW PM motor.

In the second setup, the 20 kW PM motor, described on Chapter 3, is used. The winding
configuration is shown in Fig. 4.2, and like in the previous case, with this configuration the
rotor maintained the requirement of zero torque during the charging time.

PM Motor
e
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I L Yy yyv
| |
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Figure 4.2: Configuration used in the experimental setup for 20 kW PM motor.

Page 17



Chapter 4. Practical Implementation of the Non-isolated Battery Charger

4.1. Main structure of the experimental setup

Fig. 4.3 shows the main structure of the experimental setups, the main part of the system are
the motor, the inverter, the relays (relay box), measurement interfaces (measurement box), the
controller, and the load that perform the role of the battery. Fig. 4.4 shows the real setup.

INVERTER DC Relay

i | /|
|
AC Relay |
| f} JG J |
oA / | |
| N
Three-Phase _ B [ — ,’ + LOAD
Grid Source 7 [ ‘Vdcl
| \ -]
o / , : 57
G4
_______ t

J 2
P v r v~y y_ .
| I I bcRela | PWM
y
| Ua Ub UchC Ia Ib Ic Idc | | AC Relay | Switching
Voltage Current I Measurement ! { @ I Pattern
Transducers Transducers | : |
' =l

|

| Boxes
N B ]

[ NI cRI0-9022 ]

Figure 4.3: Schema of the structure of the experimental setup tested.

Figure 4.4: Experimental setup using the 2 kW PM motor.
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4.1.1. Voltage supply and extra inductances

Since the measurement box cannot handle very high level of currents and voltages, the grid
voltage should be reduced through the use of an autotransformer and a transformer that
provide galvanic isolation from the grid as shows Fig. 4.5. This setup also allows modifying
the voltage level to probe the behavior of the system against different input voltages.

Figure 4.5: Voltage supply and extra inductances.

The leak inductance of the supply system (transformer + autotransformer) had to be measured
in order to calculate the parameters for the control stage. An inductance of 4.23 mH is
measured (explanation of the measurements are given in Appendix B).

Due to some difficulties in the control stage, an extra inductance had to be added to the
system, these inductances reduce the current ripple and make the system easier to control. The
value of the used extra inductance is 20 mH.

4.1.2. Measurement box of voltage and current transducers

As is explained in Chapter 2, voltages and currents from AC side and DC side should be
known in order to perform the control of the Boost converter (role of the inverter in the
battery charger system).

In order to measure the voltages, four voltage transducers UMAT2 have been used; three are
used to measure the voltage of each AC phase, and the other one is used to measure the DC
voltage. The function of these transducers is reducing the measured voltage by a resistive
divider; the transducers reduce the voltage from a range of +400 V to a £10 V signal that can
be set like an input for the CompactRIO controller.
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For the currents measurement, four LEM LA 50-S/SP1 are used. This device with galvanic
isolation between the primary and the secondary circuit provides a proportional current in the
output to the measured current in the input. This secondary is equipped with a resistor to make
sure that the signal that is being used as an input of CompactRIO controller is always kept in
the range of £10V. The configuration can be observed in Fig. 4.6.

Figure 4.6: Measurement box containing the voltage and current transducers.

4.1.3. Auxiliary power supplies and relay

The different transducers of the measurement box and the inverter need to be fed with a
source. To fulfill this purpose a box with two power supplies (one for the inverter and one for
the measurement transducers) is used in the setup.

In this box are also located the relays for connecting the system to the grid as well as a relay
for connecting or disconnecting the DC load. The AC relay is controllable with a physical
switch in the box and the DC relay is activated through a digital signal from the CompactRIO
controller. Fig. 4.7 shows all the elements.

!,

Figure 4.7: DC sources and relays box.
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4.1.4. Inverter

A 4-leg Semikron inverter AN-800 is used in the experimental setup. Since the inverter has

four legs available and for the control system only three are needed, one of the legs remains
unused. Fig. 4.8, shows the inverter.

Detailed information about the inverter can be found in Table 4.1.

Table 4.1: Parameters of the inverter.

Parameter Value

Description
Vdc 0-750 Input DC Voltage
In[Arms] 30 Rated rms current per phase
Ima[A] 40 Max.Current
Pmax 30000 Max.Output power

In order to reduce the current ripple to an acceptable value and to perform an efficient control,

the inverter switching frequency is carried out by PWM pulses generated by the FPGA of the
CompactRI10O controller, with a switching frequency of 10 kHz.

Figure 4.8: Inverter.

4.1.5. Load (Role of battery)

In the system, a potentiometer with regularly load is used taking the role of the battery. The
load value is set to 50 Ohms. It is adjusted to 95% of its total value as is shown in Fig. 4.9.
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Figure 4.9: Potentiometer used in the battery role.

4.1.6. CompactRIO Controller

The control is carried out by CompactRIO 9022, a real time controller from National
Instruments. The controller mainly consists of two parts.

The first part consists of an embedded controller, based in a 500 MHz processor used for
performing the most complex operations and a FPGA with a 40 MHz internal clock used for
performing the fastest operations within the control process.

The second part is constituted of separated modules used as inputs and outputs in the control
process:

- 2 analog input modules NI 9215 with BNC connectors.
- An analog output module NI 9263 (not used).
- 2 digital input/output modules NI 9401 (only one in use).

Figure 4.10: CRIO 9022 controller with the used modules.
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4.1.7. Control implementation

The control strategy used is explained theoretically in the Chapter 2 of the current thesis and
implemented in the CompactRIO controller.

The programming of the CompactRIO controller is fully developed with Labview block
diagram environment from National instruments. In order to perform an efficient control, the
different tasks of the control strategy have been split between the FPGA block (takes place in
the FPGA of the CompactRIO) and the processor block (takes place in the processor of the
CompactRI10).

Fig. 4.11 shows the front panel where the variables of the system are monitored.

Figure 4.11: Labview front panel interface used for the control.

4.1.7.1. FPGA block

In the FPGA, the tasks that require very high speed are implemented. These tasks are mainly a
generation of 10 kHz triangular wave, the data acquisition (with the calculation of theta angle
included) and the generation of the three PWM signals.

The generation of the three PWM signals for the control of each inverter leg is done through
the comparison of the triangular wave and a reference voltage, in Fig. 4.12 below it can be
observed how the comparison between the triangular wave and the reference voltage is done
in a digital implementation case as the implementation in the FPGA.
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voltage [pu]

-0.2
time [s] X 10-3

Figure 4.12: Schema of digital PWM generation in the FPGA.

In order to have proper measurement of the currents and voltages, triangular wave
synchronization is used for being sure that all the operations in the system are synchronized
with the 10 kHz triangular wave.

4.1.7.2. Processor block

Due to the FPGA has limited resources, the whole control cannot be implemented in it. For
this reason, some tasks are programmed in a processor block inside the CompactRIO
processor.

In the processor the most complex operations are made, these operations consist in the dq
transformations and the implementation of the decoupled control strategy explained in
Chapter 2. Labview PI blocks are used in this stage for implementing voltages and currents
controllers.

4.2. Results from the experimental setup

All the results are recorded with a scope LECROY Wavepro 715 and the results plotted in
Matlab for generating the attached graphs.

4.2.1. Integrated charger based on a 2 kW Split-Phase PM motor

The experimental setup explained in the section above (Fig. 4.1) is tested for charging mode
with an AC supply voltage of 75 V;;. The dynamic response against a step change is tested.

The controller is set to maintain a constant DC voltage in the DC bus of 100 V. Since the load
is set in 50 Ohms and the DC current is constant 2 A, the integrated charger is charging the
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battery with power transference of 200 W. In Fig. 4.13 the current and voltage in the battery
side during charge operation are represented.

One of the purposes of the control stage is to charge the battery with unity power factor. In
order to fulfill this purpose the value of i, is set to zero.

In Fig. 4.14 it is shown that the currents have a sinusoidal waveform and since the q
component of the current is zero, the d component of the current corresponds to the peak
value of the sinusoidal wave. This value is approximately 4 A.

As can be observed in Fig. 4.15, the current through the machine remains in phase with grid
voltage during the charging mode, keeping the unity power factor desired.

During the before explained charge operation, the voltage that is dropping in the machine
winding is measured and plotted in Fig. 4.16. Since the system is controlled during charging
time, the voltage drop in the machine remained sinusoidal (presenting some small ripple).

As can be observed in the Fig. 4.16, the voltage and the current remains almost in phase due
to the motor parameters which in the configuration used (explained in Chapter 3) have a high
resistive component.

200 . :
—— iA*10 (A)
— UuA (V)

150

MROION T T e T
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o 0.5 1 1.5 2
Time (s) %10

Figure 4.13: Current and voltage in the DC side for the tested charging time (2 kW motor).
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Figure 4.14: Three phase currents during charging time (2 kW motor).

100:

—iA*10 (A)

—UuA (V
50 [\ AN A\ AN u(“)

° \

-50 \ \/

'108.1 012 014 016 0.18 0.2
Time (S)

Figure 4.15: Current and voltage of phase A during charging time (2 kW motor).

Page 26



Chapter 4. Practical Implementation of the Non-isolated Battery Charger

10: . : ;
—IiA (A)
— Umachine/5(V)

AAAAN
VVVVYV

'18.'1 012 014 016 018 0.2
Time (S)

Figure 4.16: Current and voltage over the windings during the charging time (2 kW motor).
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Figure 4.17: Response of phase A current against a step of the DC voltage reference (2 kW
machine).
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The behavior of the system against a change in the input reference has been also studied. A
step is applied in the reference voltage of the DC side, changing the setting value from 65 V
to 100 V. Fig. 4.17 shows this behavior where the step is applied at 6 s.

This change in the DC reference voltage means that the system has to change the power
transferred to the battery from 112 W (75 Vj) to 200W (100 Vp).

The response of the system in terms of current in one of the phases is recorded and shown in
Fig. 4.17.

4.2.2. Integrated charger based on a 20 kW Split-Phase PM motor

The experimental integrated charger is also tested with the 20 kW PM motor explained in
Chapter 3. The configuration for the windings is shown in the Fig. 4.2. During the whole test,
the torque developed for the machine was around zero, so the machine remains in stand-still,
without any movement in the rotor.

Figure 4.18: Experimental setup using the 20 kW PM motor.
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A charge power of 200 W with a grid supply of 75 V;, is tested with a step change in the load.

The controller is set to maintain a constant DC voltage of 100 V. Since the load is set to 50
Ohms the DC current is observed as a constant current of 2 A. The results from the DC bus
are shown in Fig. 4.19. In this case a small ripple in the DC side voltage is observed. The time
scale in Fig. 4.19 has been reduced in order to show the ripple in the voltage more accurately.

The control stage in this setup has presented more difficulties than in the first one, mainly due
to the inductance profile in the machine, which is a function of the rotor position. As a result
of these difficulties the small ripple in the DC side voltage and an asymmetrical component in
the currents are observed, as is shown in Fig. 4.20.

As in the previous case, one of the purposes of the control stage is to charge the battery with
unity power factor and in order to fulfill this purpose the value of i, is set to zero.

In Fig. 4.20, the currents remain with a controlled sinusoidal waveform and since the q
component of the current was kept at zero value, the d component of the current corresponds
to the peak value of the sinusoidal wave. This value corresponds to 3 A in this case.

Fig. 4.21 shows how the current remains in phase with voltage during the charging time,
keeping the unity power factor desired.

As in the setup with the 2 kW motor, the measurements of the windings voltage drop are
taken, the voltage drop in the windings represent a sinusoidal waveform with a peak voltage
of 5 V. The waveforms of voltage and current over the windings are shown in Fig. 4.22 where
can be seen a small phase shift between voltage and current over the windings, due to in this
case the resistance value is lower than in the previous setup. Fig. 4.23 represents a zoom
where the phase shift is shown. As can be observed in the figure, the current is slightly out of
phase with the voltage. In the time scale this phase shift represents a value of 0.0001 s that
means a phase shift of 18 degrees.

The behavior of the system against a change in the input reference has been also studied. In
the t = 5 s in Fig. 4.24, a step is applied in the reference voltage of the DC side, changing the
setting value from 65 V to 100 V. This change in the DC reference voltage means that the
system has to change the power transferred to the battery from 85 W (65 Vp.) to 220W
(105 Vpe).

The response of the system in terms of current of one of the phases is recorded and shown in
Fig. 4.24.
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Figure 4.19: Current and voltage in the DC side for the tested charging time (20 kW motor).
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Figure 4.20: Three phase currents during charging time (20 kW motor).
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Figure 4.21: Current and voltage of phase A during charging time (20 kW motor).
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Figure 4.22: Current and voltage over the windings during the charging time (20 kW motor).
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Figure 4.23: Phase-shift between current and voltage during charging time (20 KW motor).
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Figure 4.24: Response of phase A current against a step of the DC voltage reference (20 kW
machine).
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4.2.3. Discussions, limitations and improvements

The explained difficulties found in the control stage with the 20 kW PM motor due to the
explained variable inductance profile and the problems with the noise at high voltages, make
conclude that the 2 kwW PM motor is more suitable for the implemented application since the
control reached is more stable and the currents in the machine during the charging mode
operation can be higher than the rated current, while in the 20 kW PM motor the currents are
lower than the rated value due to noisy reasons.

Since the measurement transducers used have certain limits for the maximum AC supply and
the maximum current, the power level in charging mode could not be increased much more
than 200 W, so for future developments it is recommended to work with more powerful
measurement devices.

Even though the charging mode operation had acceptable results, the dynamic behavior could
be improved performing a control with faster response against a step change. During the
testing of the control stage a lot of problems were found with the speed of the operations used
in the CompactRIO controller (especially the ones carried out in the embedded processor), for
future developments of the non-isolated battery charger, an implementation with another
control hardware could be implemented like is reported in [1].
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Chapter 5. Conclusions and Future
Work

5.1. Conclusions

A non-isolated integrated battery charger based on a split-phase PM motor with a possible
application in electric vehicles or plug-in hybrid electric vehicles has been practically
implemented and tested during the current thesis.

Firstly, some windings configurations for the machine during charging mode have been
analyzed implemented and tested. In these configurations the mutual flux cancel out during
charge operation, and therefore the developed torque for the machine during charging time is
keeping in stand-still.

Furthermore, working with the developed simulations by previous studies as a support ([2]
and [9]), the purposed integrated charger using two PM motors with the mentioned winding
configuration were implemented in the lab. In order to perform the control of the battery
charger, a CompactRIO control system is used. The control has been tested, enhanced and
modified during the work trying to perform the most efficient control.

Finally, the results of the charge operation have been presented; the whole system had a
satisfactory operation in steady state operation for a charge power of 200W. Requirements as
unity power factor or currents under control could be reached. The behavior of the system
against a change in the references has been analyzed as well. Also, the behavior of the
machine during charging time has been shown and analyzed in Chapter 4.

5.2. Future work

The main challenge for improving the proposed model is the improvements in the control
system. As is shown in the experimental setup part, the response against a change of the
system was quite slow. Improving the control part, a faster and more stable response against a
change in the load could be achieved. The extra inductance used in the experimental setup
could be removed having a more realistic implementation.

Since the current control system based in the CompactRIO controller has not desirable
performance, a possible option could be the implementation of the control strategy using
another control device as dSpace for example, as is reported in [1].

The hardware used in the lab limits the current and voltage for the wires to a charge power
around 200 W. For achieving a more realistic experimental setup, the battery power should be
increased using measurement interfaces capable to handle higher power levels.
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Appendix A: User Guide for the
Developed Software of the Non-isolated
Battery Charger

In this appendix it will be explained how to run the software from the beginning. Practical
instructions for running and operating the system are explained.

A.1.  Software installation in the computer

Before running the system, the National instrument software that the controller uses should be
installed in the computer. The software needed for a proper operation with the CompactRIO
in the battery charger project is:

1. LabVIEW modules and toolkits:
-LabVIEW 2012 (+f3 patch)
-Real time module (+f1 patch)
-FPGA module (+f1 patch)
-NILV 2012 Electric power functions
2. NI devices drivers
-N1961f1
-NIRIO120 (NiRIO Dev.drivers August 2012)

NOTE: If the user is working at Chalmers, two CDs with the mentioned software are
available in the lab.

Once all the software have been installed in the computer, the CompactRIO controller should
be installed. For installing the CompactRIO controller, the user should connect the system to
the computer through an Ethernet cable.

When the CompactRIO is connected to the computer, the user should launch MAX
(Measurement & Automation Explorer) that is installed in the computer with the software
explained before.
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9 MNI-cRIO9022-0162F74E - Measurement & Autornation Explorer
File Edit View Tools Help
a4 £3 My System
- [gl Data Neighborhood
» ﬁ" Devices and Interfaces
- 44 Scales
> a Software
4 £¥ Remote Systems
a [ NI-cRI09022-0162F74B
. & Devices and Interfaces
» & Software

Figure A.1: Main screen of MAX.

In the main screen of MAX (Fig. A.1), under Remote systems, the CompactRIO controller
should appear connected. If it does not appear, some typical solutions for typical problems
with the connection of the device can be found in [10].

A.2. CompactRIO installation

When a new CompactRIO is installed for the first time, it is recommended to format the old
files inside the controller and install the new ones that are installed inside the computer. In
order to install the software, the user should manually set the controller in safe mode (as is
shown in Fig. A.2).

Figure A.2: CompactRIO set in safe mode.

Inside MAX and with the controller in safe mode, right click in the icon of the controller (in
Fig. A.1 NI-cRI09022-0162F74B) and select ‘Format disk’ in order to install it. After this
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MAX will start to format the controller. Once MAX has finished formatting the disk, the new
software is ready to install. Before installing the new software, the controller should be
returned out of safe mode.

With safe mode OFF, expand the controller item tree and right-click on ‘Software’ selecting
‘Add/Remove software’. For working in the battery charger project, all the files that appear in
Fig. A.3 should be installed.

When the installation is finished, the controller will perform a reset and after it will perform
the connection another time automatically. Fig. A.3 shows the view of the controller in MAX
after a sucessfull software installation.

@ NI-cRI09022-0162F74B - Measurement & Automation Explorer
File Edit View Tools Help
4 € My System (D Restart | f{‘,‘ Refresh | 7 Set Permissions =0 Log In
- @l Data Neighborhood

. B Devices and Interfaces
General Settings

. 44 Scales
- &1 Software Hostriame | NI-cRI05022-0162F748
4 9 Remote Systems
4 m NI-cRI08022-0162F74E 1P Address 169.254.84.198
> ﬁ Devices and Interfaces DNS Name NI-cRIOS022-0162F748
4 (1 Software Model cRIO-9022
W, DataSocket for LabVIEW Real-Time 5.0.0
WL EPICS Client /0 Server120.0 Serial Number 01627748
If‘. EPICS Server IfO Server 12.0.0 System State Connected - Running
B, HTTP Client12.0.0 Comments

B HTTP Client with SSL Support 12.0.0

B8 /0 Variable Remote Configuration Web Service 1.1
B Language Support for Japanese 12.0.0 Locale | English ¥
. Language Support for Simplified Chinese 12.0.0
. Modbus /0 Server12.0.0

. Network Streams 1.2

B Network Variable Engine 12.0.0

. NI Application Web Server 12.0.0

B8 NIScan Engine 4.0 Total Memory 253 MB
B8 NI System Configuration 5.3.0

|| Halt on IP Failure

System Resources

X X Free Memory 185 MB
B NI System Configuration Remote Support 5.3.0
, B NI Web-based Configuration and Monitoring 12.0.0 Total Disk Space 1,90 GB
> K"@ NI-RI0 12.0 - August 2012 Free Disk Space 1,83 GB

B NI-RIO 10 Scan1200
- B NI-Serial RT38.2

Wi, NI-VISA ENET Passport

B, NI-VISA ENET-ASRL Passport

Wi, NI-VISA PXI Passport

B NI-VISA Remote Passport

BE. NI-VISA USB Passport

B NI-Watchdog 5.2.0

B8, OPCUA Client AP112.0.0

i OPC UA Server API12.0.0

B8, Remote Panel Server for LabVIEW RT 12.0.0

B Run-Time Engine for Web Services 12.0.0

B8, SSL Support for LabVIEW RT 12.0.0

B8, System State Publisher 3.0.0

B, Variable Client Support for LabVIEW RT12.0.0
, B Variable Legacy Protocol Support 5.4.0

B, Variable Web Service 12,00

|@ System Settings | ?il MNetwork Settings |ﬁ Time Settmgs| % Help |

Figure A.3: Main screen of MAX when the CompactRIO software is fully installed.

Once all the above steps are done, the controller will be prepared for being added into a
LabVIEW project and the main screen of MAX should be as in Fig. A.3.
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NOTE: During the current thesis, all the work with the CompactRIO has been carried out
using a private laptop. Since, a ‘Local IP connection’ (connection for a private laptop) was
used, any issue related with IP address is explain in this guide, is highly recommended for
beginner users connecting the controller through a private laptop as was done during this
thesis, just to try to avoid conflicts with the IP address. With this kind of connection the
controller is directly connected with the Ethernet cable to the computer, however, it will not
be possible, to access the controller from another computer different that the mentioned
laptop.

A.3. Adding the new compactRIO controller to the LabVIEW
project
Once the controller is recognized by the computer and all the required software is installed
inside the controller, it is time to add the controller to the LabVIEW project.

For the current project, all the LabVIEW files can be found in a folder called ‘Integrated
ChargerCompactRIO’, in order to run the system. A LabVIEW project file symbolizes a kind
of summarize of the whole project, where the user can have access to the project VIs.

When the project file is opened, the user will observe that a CompactRIO device is already
inside the project, but for working with the current compactRIO that has been installed, it has
to be added to the project. The user should right click on the top icon for the project explorer,
as is shown in Fig. A.4.

b Integrated Charger CompactRIO.hpro) - Project Explorer

File Edt View Project Operste Teook Window Help

=g ) VKR
Rems | Files
b, PiSjecE et ChaTer Compa My ,
& W My Computer Y eyt Folder
o (& et-crica (129.16.15.253)
— Explote... T
v (2 N-CRIOSR2-0162FM8 Q9248 T 2 LA
Show in Files Veew CurdeE
New...
Save As.
Save All (this Progect)
Mass Compile...
View »

Fevd Remns with No Callers
Fnd Missing Rems
Fnd Remns Incoerectly Claimed by a Library

Fnd Progect Rems.

Expand All
Collapse AN

Rename F2

Properties

Figure A.4: How to add the new CompactRIO in the project.

Keeping the option ‘Discover an existing target(s) or device(s)’, the connected CompactRIO
will appear under the option ‘Real-Time CompactRIO’, as seen in Fig. A.5.
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{3 Add Targets and Devices on Integrated Charger CompactRIO.lvproj @
Targets and Devices
@ Existing target or device
@) Discover an existing target(s) or device(s)
Specify a target or device by IP address
New target or device

Targets and Devices -
+HJ) Ethernet RIO

+..:| Real-Time CompactDAQ

—H[2) Real-Time CompactRIO

[-Ti NI-cRIO9022-0162F74B (Link-local IP Address) (Already in Proje
+HJ) Real-Time Desktop

+..:| Real-Time Industrial Controller

+) Real-Time PXI

+#{2) Real-Time Single-Board RIOQ

Fl [ 3

/| Reduce discovery timeout

Refresh QK | Cancel || Help |

Figure A.5: Discovering the CompactRIO device in LabVIEW.

Since the project for the current thesis uses the FPGA, the user should select the option
‘Create New CompactRIO FPGA Project’.

After performing all the operations above, the new CompactRIO controller will appear below
the one that was already in the project.

A.4. Deploying the VIs

Once the new controller is added to the current project, the different VIs used should be
moved to the new controller. First the FPGA VI called ’IntegratedchargerFPGA ’ and the two
FIFOs placed under the FPGA of the first CompactRIO should be drag and dropped to the
FPGA of the new CompactRIO. After, the rest of the VIs should be drag and drop under the
CompactRI10O chassis. As a result of this process, the project should look like as Fig. A.6.
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E- W@ Chassis (cRIO-9114)
=] 5] FPGA Target (RIO0, cRIO-9114)
[ Chassis/O
H L Modl
B Mod2
E- G Mod3
B Modd
H [ Mods
- ¥8 40 MHz Onboard Clock
"_I Modl (Slot1, NI9215)
"_I Mod2 (Slot 2, NI9215)
= |
'_I Modd (Slot 4, NI9401)
"_I Mod5 (Slot 5, NI9401)
_4:,_" Dependencies
[+ +% Build Specifications
-5 Dependencies
;lr:_ Build Specifications
2t [kl MI-cRIO9022-0162F74B (169.254.84,198) [Link-local IP Address]
E- @ Chassis (cRIO-9114)
= ﬁ FPGA Target 2 (RIOO, cRIO-9114)
. [ Chassis /O

G Modl
- Mod2
[ Mod3
& [ Modd
i Mods
40 MHz Onboard Clock

{l: FIFQ Currents

1l FIFO Voltages

> |_i1. Integrated Charger FPGA filewi
"_I Modl (Slot1, MI9215)

1 Mod2 (Slot 2, NI9215)

'_I Mod3 (Slot 3, NI 9263)

[I Mod4 (Slot 4, NIS401)

1 Mod5 (Slot 5, NI9401)

Dependencies

Build Specifications

|_§. current saturation (SubVI).vi

- |l Inputs for controller (SubVT)vi

i;ﬂ. Integrated Charger Execution Filewvi

[+ I_g variables - network - RT (separate).ivlib

gﬂ. voltage saturation.vi

- %= Dependencies

!

J{j!

*
*
*

*

Figure A.6: View of the project explorer after move the files.

As can be observed in Fig. A.6, the first CompactRIO that was in the project is empty, and all
the VIs appears under the new one. After this step, the first CompactRIO could be removed
from the project if it is desired.
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A.5. Renaming the modules

In the Labview program, the different inputs and outputs of the system have the name of the
variable that it is connected to, so the AIO0 of the module 1 is called Ua and not AIO by
example. For satisfying this requirement in the new installed CompactRIO, the different
inputs and outputs for the modules should be renamed as the names were named in the first
CompactRIO (the user just need to write the same name that it is in the original CompactRIO
module). The names should be as in Fig. A.7. For a block in a module, right click on the block
and select ‘Rename’.

=kl Project: Integrated Charger CompactRIO.lvproj
EI B My Computer
. 1.0 Dependencies
P +% Build Specifications
G- il et-crioa (129.16.15.253)
= [t MI-cRI09022-0162F74B (169.254.84.198) [Link-local IP Address]
E}- Chassis (cRIO-9114)
= =} FPGA Target2 (RIOO, cRIO-9114)
) Chassis /0
= [ Modl
- #, Ua (Modl/AID)
- &, Ub (Modl/AlL)
~ f, Uc (Modl/ALZ)
- g, Vdc (Modl/AL3)
& Mod2
- &, Ia (Mod2/AID)
~ g, Ib (Mod2/ALL)
- &, Ic (Mod2/AL2)
- f, Idc (Mod2/AL3)
= [ Mod3
- d, Mod3/A00
- g, Mod3/801
~ g, Mod3/A02
- g, Meod3/A03
E- [ Modd
- g, Mod4/DIO3:0

&, Modd/DIOT
£, Mod4/DIOT:0
&, Modd/DIOT:A4
%_, Relay DC (Modd,/DI0E)
~ %, 51 (Mod4/DIO0)
%_, 52 (Modd/DIO1)
&, 53 (Mod4/DIO2)
&, 4 (Mod4/DIO3)
- %_, 55 (Modd/DIOd)
%_, 56 (Modd/DIOS5)

Figure A.7: Names for the inputs and outputs in CompactR1O modules.
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The CompactRIO digital modules can be used as digital input or as digital output, but are
configured as an input by default. In the integrated charger project the digital module is used
as an output, so the line direction of the module should be changed. In order to do this, right
click on the icon of module 4 and change the line direction to output, see (Fig. A.8).

T3 Module Properties =]

Catego Module Configuration
--------- Medule Configuration|

Name

Modd

Type

NI 9401 8-Ch High-Speed TTL Digital 'O
Location
Slot 4 E|
Initial Line Direction
DIOT:4 DIO3:0
Output  [=] Output  [+|

’ 0OK ][ Cancel ” Help ]

Figure A.8: How to change the initial direction for the digital module used.

A.6. Compiling the FPGA file

Before running the system, the FPGA VI should be compiled. The user just need to open the
FPGA VI and run it, the window for compiling the file will appear. Since a compiler in the
computer has been installed (Xiling 13.4), the option ‘Compile with a local compile server’
should be selected and the FPGA file will start to compile (the compiling process take some
time, normally around 45 minutes).

NOTE: If the modules are not named correctly, the program will not be able to compile the
FPGA, if this is the case, the names of the different modules should be reviewed.
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A.7. Running the system

After preforming the steps above, the system is ready to run. Every part of the system should
be powered, a detailed explanation about how to connect the system can be found in the
Chapter 4 of the current thesis.

When all the devices are connected and the system is powered, the file ‘Integrated charger
execution file’ can be run. Observing the three phase voltage in the front panel, it should look
as Fig. A.9.

acvotiges [ acumens | oc s |

Three phase voltages

o
=
2
£

E
{ -

Figure A.9: View of the front panel when the system is running properly.

It is important to connect the phases of the system in the right order, this means that the phase
A in the inverter should match with the phase A in the transformer. Since the three phases
have different colors (blue, black and brown), they are easy to distinguish. For example, if the
blue phase is connected in the phase A of the inverter, the blue phase should be connected in
the phase A of the transformer as well. A probe of this setup is a right dg transformation (if
the phases are correctly connected, the value of the Ed transformation will remain constant
and the value for the Eq transformation will remain in zero, as can be seen in Fig. A.9).

A.8. Changing system parameters
Some parameters can be changed before or during the program execution, parameters as
inductance of the system, values for the PI controllers or limit of the current.
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¢ Inductance of the system

The inductance of the system should be specified in Henry in the front panel to be used in the
control stage. Theoretical explanation about the control stage of the system can be found in
Chapter 2 of the current thesis.

e Pl parameters

The PI parameters can be adjusted from the front panel, the values Kpv and Tiv correspond to
the proportional gain and the integral time (not integral gain) for the voltage controller
respectively. The values Kpi and Tii correspond to the proportional gain and the integral time
(not integral gain) for the current controller respectively. The explanation about how to
calculate these values as a function of the physical values of the system can be found in [2].

e Limit of the current

This parameter, in Amperes, can be changed in the front panel as the other parameters and
will indicate the maximum current accepted in the system.
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Appendix B. Experimental Setup for the
Motor Parameters Measurement

This appendix explains the experimental setups performed for measuring the parameters in
both machines, the 2 kW and the 20 kW PM motors. Different winding configurations were
tested and analyzed.

B.1. 2 kW PM motor

The 6 poles PM motor described in more details in Chapter 3 is studied in order to know the
value of the inductance and resistance. The setup performed is shown in Fig. B.1.

Three-Phas
Or
Single-Phase

I—————I

Figure B.1: Experimental setup for the inductance measurement.

As explained Chapter 3, the zero torque condition is a very important requirement for the
integrated battery charger and to achieve it, the midpoints in the motor windings are used.

All the connections tested fulfill the zero torque condition but regarding the experimental
setup performed in Chapter 4, not all of them are valid. The reasons and the election of the
configuration can be found in Chapter 3.

The elements used in the setup described on Fig. B.1 are: a three-phase autotransformer, the 2
kW PM motor and a three-phase potentiometer. The measuring devices are two multimeters,
one for measuring the voltage in the inductance of the machine and the other for measuring
the current through it.
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B.1.1. Serial Connection

The detailed connection of the motor windings is described in Fig. B.2.

PM Motor

r—-——-—_—_——_—_———_—_— e e ———— —
U | U].A UZA UZ.B UlB U3A U4A U4,B U3B USA UG,A UG,B US,B l

! YYY YYY YYY YYY YYY =
I
f\J Vv ! Vl A. V2 A VZ,B \./1 B V3 .A V4A V4 B V3 B VSIA VG,A VG,B VE,B |
| |
Three-Phase W W1A. Woa Wip \.N1 B W3.A Wia Wag V\£3,B W5-,A Wsa Wep VV.S,B |
Or YYy YYy YYY YYY YYY YYY ’
| |
Single-Phase o — — — — e e d

Figure B.2: Serial winding connection for 2 kW PM motor.

Y
Resistances

The measurement of the resistance is done through a simple circuit, feeding the machine with

a DC source and measuring the DC voltage and current. The results obtained are:

Phase A R=Y=22Y _ 1434 a)
1 1.5A4
Phase B R=-=222=1430 $ R=14,310
; |
Phase¢C R=Y=2227"_ 1431 9y
1 1.54

The calculations for obtaining the inductance of the machine are detailed as follow:

VI? = (R + o)1

w = 2n50rad/s.
The inductance result for the serial connection is:

V=23.02V), _ \
Phase A byt }L = 17.73 mH
V=165V 1, _ _
PhaseB | _ oo, JL=1837mH  L=19.33mH.
V=2317V), _
Phase C — 1aen }L_21.9mH )

(B.1)

During the test, the behavior against different position of the rotor was studied, and it was
observed that rotating the rotor do not suppose big changes in the results, i.e. the value of the

inductance is constant.

B.1.2. Parallel Connection: first configuration

For a parallel winding connection, there are two possibilities. The first one is shown in Fig.

B.3.
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PM Motor

Y
Vz B V1 B V4,B V3 B V6‘B VS‘B i
S 3 Resistances
Three-Phase Wia Won Wsa Wia Wsa Wea
or Y "~ Ve p g g S

Single-Phase

3

Figure B.3: First parallel winding connection for 2 kW PM motor.

The measurement of the resistance and the inductance are the same as it is described above
for the serial connection. The results obtains for this first configuration are:

R =3.5775Q
V=57V, _ \
Phase A [ =149 A}L =4.12mH
V=363V, _ B
Phase B o oona)L=445mH} L=4.64mH,
V=58V, _
Phase C [ = 1.46A}L 5.34mH |

The experimental measurements were recorded by the LECROY Wavepro 715 Oscilloscope
and plotted using Matlab. Fig. B.4 shows the three phase voltages and the current in phase A.

~ 10 : :

< —— uA machine |
I uB machine
L 55 uC machine
5 —iA machine
© \

°

cC O\ v 1~/ /S 1 '

©

S

o -

) \/

©

=

O

> .10

-0.02 -0.01 0 0.01  0.02
Time (s)

Figure B.4: Voltages and current in the measurement setup of the first parallel winding
connection.
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B.1.3. Parallel Connection: second configuration

The second configuration for parallel winding connection is shown in Fig. B.5.

PM Motor

Y
Resistances

Figure B.5: Second parallel winding connection for 2 kW PM motor.

Measuring and calculating as for the previous configurations, the results for the second
parallel winding connection are:

R =0.39750Q
V=0805V), _ \
Phase A - 1524 }L = 1114 mH
V=0532V), _ B
Phase B ' oora }L — 1,3645 mHI L=1.357mH.
V=0946V), _
Phase C | =148 }L = 1,593 mH |

As for the first configuration of parallel connections the results of the measurements are
plotted in Fig. B.6.

Compared to the previous graph the three phase voltages are much lower, but the current
through the machine is the approximately same.
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3 T T
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2 \ uB machine
— uC machine
1 f\ /-\ iA machine j
\

/

KR
/

J TN TN

A4 A

1
N

Voltage (V) and current (A)

1
w

-0.02 -0.01 0 0.01  0.02
Time (S)

Figure B.6: Voltages and current in the measurement setup of the second parallel winding
connection.

B.2.20 kW PM motor

For the 4 pole 20 kW PM motor described in Chapter 3, the experimental setup performed to
measure the inductance is different. In this case a practical setup is used for testing a non-
isolated integrated charger based in a diode rectifier [4].

As is explained in Chapter 2, this setup fulfills with the zero torque condition during the
charge operation and for that reason it is possible to use the split phase PM motor as
inductors, like in the experimental setup tested in the current thesis and explained in Chapter
4,

A main diagram of the setup is shown in Fig. B.7. The reason for testing the non-isolated
integrated charger with that configuration is for simplicity and easy control. The elements of
the setup are: a three phase autotransformer, a bridge rectifier, the 20 kw PM motor, a large
capacitor and a three phase potentiometer.

As for the 2 kw PM motor, different winding configuration are tested, and the calculation of
the inductance is performed.
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Diode Rectifier

;
|
|
4 N 1
o—,’—(m\—\—l—» I +
Three-Phase I i :c
Or o : (m\ :: ::: Resistive
Single-Phase ! P | Load
o A (m\ L1 ]
N\ /7 1 _
ey |
| |
| 1
] 1

Figure B.8: Practical setup performed for 20 kW PM motor.

B.2.1. Serial Connection

The connection of the PM motor for a serial configuration is shown in Fig. B.9.
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Diode Rectifier

+
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Single-Phase [
IC1 -C; -C, C, -Cs C; C4 -Cy I I

(o, | Lrvyy Yyl Y'Y\l YYY |
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[

[

[

[

Resistive
Load

Figure B.9: Serial winding connection for 20 kW PM motor.

The value of the total resistance is known for previous studies [11], and in this configuration it

corresponds to:

R

=1.6 Q.

The value of the inductance is calculated by equation (B.1), as in the case of 2 kW PM motor,

and the result is:

V =1282.8
[ =495

8V

i } L =8.8mH.

Due to the autotransformer is saturated when the source voltage is increased, the winding
connection used is not adequate for that application, and for that reason it is changed to
parallel winding connection.

B.2.2.

Parallel Connection

The parallel connection of the machines is shown in Fig. B.10 and with this configuration the
system can achieve the double of the power since the current is divided into the two branches.

Three-Phase
Or
Single-Phase

+

Resistive
Load

PM Motor
————————————————— |
: A . A -A; _Az |
N YYY YYY | |
b I
| -/\3 !\3 /\4. '/\4 | |
YYY YYY ] ]
|
B B. -B B |
YYY YYY \---] | |
™ B: B B
-Bs3 3 DB P4l |
: YYY YYY \--..] | |
G -C, -C, c '
] Y'Y Y'Y Y=
| |
()—I—‘l
| -Cs -C3 C4_ -Cy | I :
] YYY YYY | L

Figure B.10: Parallel winding connection for 20 kW PM motor.

The resistance, in this case and as it was commented before, was already known and has a
value for this connection of:
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R=10.4Q.

Since the voltage in the machine does not have a sinusoidal waveform (as can be observed in
Fig. B.11), the inductance cannot be calculated by the previous method, because of that, for
the calculation of the inductance, three phase voltage and current was recorded by the
LECROY Wavepro 715 Oscilloscope and plotted by Matlab. The results obtain in Matlab are
used for calculating the rms value of the voltage and current and with that values the
inductance can be calculated.

The Matlab code is presenting and the waveforms of the three phase voltage and current are
shown in Fig. B.11.

o

Voltages and current for the 20 kW PM motor and calculations of the
machine inductance

o\°

% Load of the data adquiered by the oscilloscope
load ClTrace00005.dat
load C2Trace00005.dat
load C3Trace00005.dat
load C4Trace00005.dat

% Current machine
x1=ClTrace00005(:,1);
y1=ClTrace00005(:,2);
% Phase A
x2=C2Trace00005(:,1);
y2=C2Trace00005(:,2);
% Phase B
x3=C3Trace00005(:,1);
y3=C3Trace00005(:,2);
% Voltage machine
x4=C4Trace00005(:,1);
y4=C4Trace00005(:,2);

subplot(2,1,1)

plot(x1,10*yl, 'b',x2,v2,'g',x3,y3,'r',x4,5*y4,'k'"', "linewidth', 2)
xlabel ('Time (s)', 'fontweight', 'b")

x1im([-0.02 0.021)

grid on

legend ('iA (A*10)', 'V phase A','V phase B','V machine (V*5)")
subplot(2,1,2)

plot(x1l,vyl,'b',x4,y4,'k"', 'linewidth', 2)

xlabel ('Time (s)', 'fontweight','b")

x1im([-0.02 0.021)

grid on

legend ('iA (A)','V machine (V) ")

Is=yl.*yl;

Vs=y4.*y4;

lv=length (x4) ; %$Size of the vector
li=length(x1l) ;

V_Int(l)=abs((x4(1)-0))*Vs(l); %The first integram term
I Int(l)=abs((x1(1)-0))*Is(1);

for j=2:1v
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V Int(j)= V_ Int(j-1)+(x4(J)-x4(j-1))*Vs(J); SSummation (Integral)
calculation
end

for i=2:11
I Int(i)= I Int(i-1)+(x1(i)-x1(i-1))*Is(i);

end

Vrms=sqrt(l/(X4(lv)—x4(l))*V_Int(lv))
Irms=sqrt(l/(xl(li)—xl(l))*I_Int(li))

Re=0.4;
Wg=2*50*pi;

L=((Vrms/Irms)*2-Re”"2) /Wg

200 :

100\\ | /

Iy —
N L  Vpnasen
RAVIOA NN v
wof ¥ MYV T
NN N AN

>4

~]

L

-20 L t
-(9.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02

Time (S)
40 : :
—IiA (A
20 / / / Y r$1a)chine M1
0 P/\yjlﬂﬂ ’i7é\ “\J:E\ 4/1:; f:7L\ ‘\\‘wl
AR T

-4
002 0015 001 -0005 0 0005 001 0015 002
Time (S)

Figure B.11: Voltages and current in the experimental setup for the parallel winding
connection.
The inductance calculated and the rms values of the voltage and the current are:

V =127732V

_atan } L =6.6mH.

During the test, the behavior against different position of the rotor was studied, and it was

observed that rotating the rotor suppose changes in the value of the inductance. It is needed to
comment also that during the test, the motor feed with high level of voltages start to be noisy.
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Besides of this measurement, with this parallel configuration it is done a comparison between
the experimental results and a simulation in Matlab/Simulink using Power System Blockset.
The experimental value of the inductance is used in the simulated system. Fig. B.12 shows the
simulation in Simulink and Fig. B.13 shows their results. In Fig. B.13 can be observed that
the differences between both models are very small, being more appreciable in the case of the
voltage. That can be explained by the fact of the voltage is the derivative of the current and
this is a noisy operation, introducing harmonics in the current.

@ CEO0 AT do

C Voltage Source Phase AL Phase A -
Cfirrent MEESM o
. A . ¥
B TR [ ge Measuremen e}
C Voltage Sourcel Phase B1 AT 1 Voltage Measurement
Phase & < T - = Rload
Universal Bridge
-2 LTI ! AT }_
-1 acvoltage Sourcez Phase C1 Current Measurenjent1

Vmachine

To Workspace

#| Imachine

To Workspacel

To Workspace2

Figure B.12: Simulation of the integrated charger system studied.

10

T T T

- \ — A measurement ||
$ 5 — iA simulation
= . L J
Sy / /
SE N / J
-10 0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065 o0.07
Time (S)
100 T T T T
—V machine measurement
g 50 —V machine simulation
8) 0 V’A 1\\ B / P
g N N N
o _
S 50
-100

0.025 0.03 0.035 0.04 0.045 0.05 0.055 0.06 0.065 0.07
Time (S)

Figure B.13: Simulation results of the integrated charger system studied.
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B.3. Leakage Inductances

Since the value of the leakage inductance of the autotransformer and transformer, used in the
experimental setup explain in Chapter 4, can affect to the results obtained in the experimental
setup, different configurations are measured and the resulting inductance is calculated by
equation (B.2).

z Y
Liear = ﬁ = ﬁ (B.2)

B.3.1. Transformer

220V 520V
~ 1 ._o |
127V < 127V +
-
0 < 3 \
< b oV ~
A 0V < O -
220V
Pty 220V
: ———O |
<
127V < =127V, +
O < \")
< <
< b oV P
oV < 2% -
~or—J
220V
O 220V
127V < 127V +
()......: ——O0— v
< 3 ov L
[ ooV 9 0 -

Figure B.14: Practical setup for measuring the leak inductance in the transformer.

V =538 5,38/4,05
Phase A ’ =77 _
| = 4’05 A, Lleak 27750 4',2284 mH
V =538V 5,38/4,04
Phase B [=4044 'Lleak = W = 4,2388 mH Lleak =4,237mH
V =536V 5,36/4,02
Phase C ’ i A
I = 402 4§ Leak = = =5— = 4,2441mH
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B.3.2. Autotransformer

i +
)

o

I

of

Figure B.15: Practical setup for measuring the leak inductance in the autotransformer.

- 0,816/6
Phase AV =0816V = =
o Y iea =525 = 04329 mH
V=068V 0,682/6,7
Phase B ' _ 0682/6,7 _ _
ase I —tbra Jleak = =5 2o = 0,324 mH Licar = 0,346 mH
V=062V 0,62/7,02
Phase C » _ 0:62/7.02
ase [ = 7,02A} leak 5750 0,2811 mH

B.3.3. Autotransformer + Transformer

220V
220V

|

L
127V 3 :127v |
-
o— — 0 4
< -
> 9 ov +
V2 _o—
Oo— .<)_2........
\'
220V
———O0—1 00— 220V -
3 f—— O -
<
127V 3 £ 127V, I 6, Vv
o_; 3 O (
< = ov +
< _o_.
o o 0V +
—O0—] 2200 220V v
O
: ._o -_—
127V < £127V, |
c).....: —0 (
< < ov
oV <, _o—

Figure B.16: Practical setup for measuring the leak inductance in the
autotransformer+transformer.
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V=4,9V} _
I = 3,96 AJ “teak —
V=¢%V} _
[ =3,99 A) “leak —
V::¢93V}L _
[ = 4,02 A) “leak —

4,9/3,96 1
4,93/3,991
4,93/4,021
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CompactRIO controller

NI cRIO-9022

Real-Time Controller with 256 MB DRAM, 2 GB Storage

+  Embedded controller runs LabVIEW Real-Time for deterministic control, data

logging, and analysis
+ 533 MHz processor, 2 GB nonvolatile storage, 256 MB DDR2 memaory
+  Dwal Ethemet ports with embedded Web and file servers for remote user

interface

+  Hi-Speed USB host port for connection to USB flash and memory devices
+  RS3232 serial port for connection to peripherals; dual 9 to 35 VDC supply

inputs

+  -20to0 55 °C operating temperature range

Product Type
Form Factor

Part Humber

Orperating System/Target

LabVIEW RT Support
CE Compliance
Controller

Controller Type
Processor Core Type
CPU Clock Frequency
System Memory
Legacy Product
Ethernet {# of ports)
Serial Ports [R5232)

USE Parts

Controller (Computing Device)
CompactRI0

T80T 181

Real-Time

Yes

Yes

High Performance
533 MHz PowerPC
533 MHz

255 MB

Mo

2

1

Yes
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Chassis

Number of Slots o
Integrated Confroller No

Input Voltage Range av, BV
Recommended Power Supply: Power fi]
Recommended Power Supply: Voltage 24
Power Consumption a5
Physical Specifications

Length T7.3 mm
Width 0.2 mim
Height BE.1 mm
Weight B0 gram
Minimum Operating Temperature =M "C
Maximum Operating Temperature 55 °C
Maximum Altitude 2000 m
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CompactRIO analog input module NI 9215.

4 Ch, 100 kS/s, 16-Bit, £10 V Simultaneous Sampling C Series Analog Input Module

NI 9215

= 4 simultaneously sampled analog nputs, 100 kS/s
= 40 to 70 °C operating range

= NiST-traceable calibration
= Hot-swappable operation

Overview
The NI 8215 module for use with NI C: DAQ and CompactRIO chassis includes four si iy led analog input ch is and approximation register
(SAR) 18-b analog-to-digital converters (ADCs). The NI 8215 NIST- ble calb .ach f0-earth ground double-isolation barier for safety and noise
ity, and high ode voltage range.
Specifications Summanry
General
Product Name Ml 9215
Product Family Industrial 10

Form Factor

Part Number

Operating Systemi/Target
Measurement Type
Isolation Type

RoHS Compliant
Analog Input

Channels

Single-Ended Channels

Differential Channels

Resolution

Sample Rate

Max Voltage

Maximum Voltage Range
Maximum Voltage Range Accuracy

Simultaneous Sampling

CompactDAQ , CompactRI0
779011-01

Real-Time , Windows
Vaoltage

Ch-Earth Ground Isolation

Yes

16 bits
100 kSis
10V
10V, 10V
0.003Y

Yes
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Analog Qutput

Channels 0
Digital 'O

Bidirectional Channels ]

Input-Only Channels 0

Output-Only Channels 0

Number of Channels ]

CounteriTimers
Counters 0

Physical Specifications

Length 9cm

Width 23cm

'O Connector Screw terminals , BMC connectors
Minimum Operating Temperature -40 °C

Maximum Operating Temperature 70-C

Minimum Storage Temperature -40 *C

Maximum Storage Temperature 85 °C

Timina/Triggering/ Synchronization

Triggers cDAQ Chassis Mo
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CompactRIO digital input/output module NI 9401.

NI 9401 Measurement System

8 Ch, 5 VITTL Bidirectional DIO for USB, Ethernet, and Wi-Fi
Bundle includes measurement module and 1-slot NI CompactDAQ chassis
USB, Ethemet, and 80211 Wi-Fi connecfivity

B-channel, 100 ns ultrahigh-spead digital IO (DIC)
Ability to access four general-purpose 32-hit counterfimers

Indusfry-standard 25-pin D-SUB conneclor A o o0
Bidirecticnal, configurable by nibble (4 bits) ) ﬁ

Specifications Summary

General

Product Mame NI 8401 Measurement Bundle
Product Family Industrial FO

Form Factor USE , Wireless , CompactDAC , Ethenet
Part Numbser 00M000-00

Oyperating System/Target Real-Time , Windows
Measurement Type Digital

RoHS Compliant Yes

Analog Input

Channels 0

Single-Ended Channels 1]

Differential Channels 1]

Analog Output

Channels 0

Digital VO

Bidirecticnal Channels -]

Input-COmnly Channels 1]
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Cutput-Cnly Channels
Numibrer of Channels
Timing

Max Clock Rate

Logic Levels

Supports Handshaking HO?
Supports Pattern V02
Maximum Input Range
Maximum Output Range
CounterTimers
Counters

Physical Specifications

Length

Width

D Connector

Minimum Operating Temperature
Maximum Operating Temperature
Minimum S$torage Temperature
Maximum Storage Temperature
Timing/Triggering/Synchronization
Triggering

Triggers ¢DAQ Chassis

Hardware
10 MHz
T

Yes

Yes

0w, 525V

0V, 525V

23em
25-pin D-Sub
40 5C

T0°C

-40°C

85°C

Digital
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ANALOG
DEVICES

Isolation amplifier for the voltage transducers.

Precision, Wide Bandwidth
3-Port Isolation Amplifier

AD210*

FEATURES

High CMV Isolation: 2500 V rms Continuous
23500 V Peak Centinuous

Small Size: 1.00™ x 2,10 x 0.350"

Three-Port Isolation: Input, Output, and Power

_ Low Nenlinearity: =0.012% max
" Wide Bandwidth: 20 kHz Full-Power {-3 dB)

Low Gain Drift: =25 ppm/°C max

High CMR: 120 dB (G = 100 V/V)

Isolated Power: 215V @ =5mA

Uncommitted Input Amplifier

APPLICATIONS

Multichannel Data Acquisition

High Voltage Instrumentation Amplifier
Current Shunt Measurements

Process Signal Isolation

GENERAL DESCRIPTION

The AD210 is the latest member of 8 new generation of low
cost, high performance isolation amplifiers. This three-por,
wide bandwidth isolation amplifier is manufacrured with sur-
face-mounted components in an sutomated assembly process.
The AD210 combines design expertise with state-of-the-art
manufacruring technology 1o produce an exuemely compact
2nd economical isolator whose performance and sbundsnt user
festures far exceed those offered in more expensive devices.

The AD210 provides a complete isolation function with both
signal and power Bolation supplied via transformer coupling in-
ternal to the module, The AD210s functionally complete de-
sign, powered by a single +15 V supply, climinates the need for
an external DC/DC converter, unlike optically coupled isolation
devices. The true three-port design structure permits the
AD210 to be applied a3 an laput or output isolator, in sngle or
multichanne! applications. The AD210 will maintain its high
performance under sustained common-mode sress.

Providing high accuracy and complete galvanic isolation, the
AD210 interrupty ground loops and leakage paths, and rejects
common-mode voitage and noise that may other vise degrade
measurement accuracy. In addition, the AD210 provides pro-
tection fram fault conditions that may cause damage to other
sections of 3 measurement system.

PRODUCT HIGHLIGHTS
The AD210 is a full-fearured wolator providing numerous user
benefits including:

High Common~Mode Performance: The AD210 provides
2500 V rms (Contnuous) and £ 3500 V pesk (Continuous) common-

*Cavered by U.S, Patent No, 4,703,285,

REV. A

mlmnfumlsh“byAnMoﬁl" fced s believad to be and
liablg. . N0 responadility is d by Analog Devices for its

use, nor for sny infingements of patents or other rights of third parties

which may rasult from ks use, No license is granted by impication or

atharwise undar any patent of patent rights of Analog Devices.
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FUNCTIONAL BLOCK DIAGRAM

mode voltage isolation berween any two ports. Low input
capacitance of 5 pF results in a 120 dB CMR ar a gain of 100,
and a low leakage current (2 pA rms max @ 240 V ems, 60 Hz).

High Accuracy: With maximum noalinearity of £0.012% (B
Grade), gain drift of +25 ppm/*C max and input offset drift of
(£10 130/G) pV/*C, the AD210 assures signal integrity while
providing high level isolation.

Wide Bandwidth: The AD210" full-power bandwidth of

20 kHz makes It useful for wideband signals. [t is also effective
in applications like control loops, where limited bandwidth
could result in instability,

Small Size: The AD210 provides u complere isofarion function
in a small DIP package just 1.00" x 2.10" x 0.350", The low
profile DIP package allows application in 0.5 card racks and
assemblies, The pinout is optimized to facilitute board layout
while maintaining isolation spacing between ports.

Three-Port Design: The AD210's three-port design structure
allows each pore (Input, Output, and Power) to remain inde-
pendent. This three-port design permits the AD210 to b2 wsed
3% Un input or output isplator, It also provides sdditional system
protection should a fault occur in the power source.

Isolated Power: £15 V @ 5 mA is available at the input and
output sections of the isalator. Thas feature permits the AD210
1o excite Soating signal conditioners, front-end amplificrs and
remote wransducers ar the input as well as other ciscuitry ar the
output.

Flexible Input: An uncommitted operational smplifier is pro-
vided at the input. This amplifier provides buffering and gaia as
required and facilitates many alternative input functions as
required by the user,

One Technology Way, P.O. Box 9106, Norwood, MA 02062-9106, U.S.A.
Tol: lﬂl’?ﬂ“ Fooxz 617/326-5703
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AD210—SPECIFICATIONS tpics & 257, s = 4151 s tense o

Model ADLSAN ADIION ADIIN ’ OUTLINE DIMENSIONS
onN Dimessions thown o inches and (mm).
Range 1VIV - 100 VY . . P
Eerer 2% max 2 1% max M
. Temperanuee(0*C w0 +70°C) +25 ppe™C man . 4
(=257C 12 +85°C) :zﬂmn . . 2 pus— }‘.
Volugs +0. . .
;mzq' 20.029% mx 20.012% max . Ll *’ ' ! l r w w‘—r
INPUT VOLTAGE RATINGS ] e 0000 10 1 B
Linesr Differcaniad Runge L0V . . T T
Maximus Sefe Differential Input | 215V o y L =TS
Max, CMV Ingut-to-Outpur ¥ + 4 —[
at, 60 He, Cratmuous 2400V ms . 1500 V rms D210 -
&, 1 23%00 V peak ¢ 2000 V prak b 0TToM vEw ]
Common-Mod: = . I ‘L
60 Hx, G = 100 Vi ) H
R 580 Q Impucdance mbalae | 13048 . . 1 RSSSRss raeas
gzron.e?l; 25A re max . . *| osmenm ipe=omniee
2UT IMPEDANCE W
Differential 0t . .
s Modé 5 GOls ¥ s i AC1059 MATING SOCKET
INFUT BIAS CURRENT TR '
il @ +25°C 30 pA p (400 pA max)| * . -lan vy =
. Temperatuss (0°C 22 +70°C) 10 5A max d .
(<25°C 10 +85°C) | 30 A max . . L T - +
INFUT DIFFERENCE CURRENT - e Smencet
Sutal, @ 029°C S pA Ty (200 pA max)| ¢ . O 1macey O
v Temperatues(0°C 0 = 70°C) | 204 max . . 11 _O =
(-25"C o +85°C) | 10 aA max . . ..L
INPUT NOISE e o
Voltage (1 £5in) 14 2VATE . . mild ALLE &
(10 Ha to 10 W) 43V ms . . e areran Bn
Curveot (1 ks 2.01 pANTE o . - al -
FREQUENCY RESPONSE
l-.m? /6_’ am) . - . s
g : :oo W :: M . . ADI10 PIN DESIGNATIONS
Senling Time (210 mV, 20 V Suep) | *
Gel wv' o <y 150 1 . . Pin | Designation Function
G = 100 VIV 500 . .
Sew Rate (G =1 V7V) | Vigs . " 1 Vo Qutput
om;mxm (T o - 2 Ocom Qurtput Common
e, @ 2 215 245G) mV max | (£5219G) aV me [* 3 +V, +Isolated Power @ Output
, Temperature (°Cro +70°C; | (210 £30GH WG | * . oss
" (-n-:m--m mum:vrc . . 4 ~Voss ~isolated Power @ Output
RATED OUTIUT' 5 14 +Viss +Isolated Power @ Input
‘oltage, 2 452 Load 210Vmin <I3mA |0 . 15 “Viss ~Isolated Power @ Input
spelents 1@ % 2 16 | FB Inpur Feedback
Tepple (Bandwidth = 190 k) 10 1V pp max . . 1 JIN ~Input
m -rnml
Bmghw - 215V . . 18 lcom Input Common
Accuescy :;ms . . 19 +IN +Input
Qurrens ki 4 3 20 | PwrCom Power Common
p - -
w-& No Loed w Pull Lasd ,.I:‘;_':: > : 20 Pwr P Input
POWER SUPPLY
Valtage, Rated Performance “1SVdct 9% . .
Valoage, ;;s Vet 10% . . ’
e s I B . . WARNING! — }
TEMPERATURE RANGE
Raved “15°C w0 *83°C . - -*“ ! ! Y “
Opeesting A0 C % «83°C . . SENSITIVE OEVIC
A0°C o +85°C . .
w:g:cﬁ DIMENSIONS CAUTION
100x2.10x05% | * I
i 2 ANSIIXE . S ESD(el«uomucdudmp) sensitive device. Elec-
O harges as high as 4000 V readily sccumu-

o satse 28 ADZIOAN: Iate on the human body and test equipment and can
"N find 35 2 % d frum o bewt aragght lina discharge without detection. Although the AD210
R~ Referred Laput features proprietary ESD protection circuitry, pes-
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INSIDE THE AD:210

The AD210 basic block diagram is illusteated in Figure 1.
A 415 V supply is connecred to the power port, and

115 V isolated power is supplied to both the input and
ourpur pores via 8 50 kHz carrier frequeacy. The uncom-
mitted input amplifier can be used to supply gain or bufl-
ering of input signals to the AD210, The fullwave
modulator translates the signal to the carrier frequency for
application o transformer T1. The synchronous demodu-
latos ia the output port reconstructs the input signal. A
20 kHz, three-pole filter it employed to minimize output
noise and ripple. Finally, an output bufier provides a low
impedance outpur capable of driving a 2 kQ load.

Figure 1. AD210 Biock Diagram

USING THE AD210

The AD210 is very simple to apply in a wide range of ap-
plications, Powered by 2 single +15 V power supply, the
AD210 will provide outstanding performance when used
a5 a0 input or output isolstor, in single and multichannel
configurations,

Input Configuratons: The basic unity gain configura-
tion for signals up 10 £10 V is shown in Figure 2. Addi-
tional input amplifier variations 2re shown in the following
figures. For smaller signal levels Figure 3 shows how 1o
obtain gain while mainraining a very high input impedance.

Vour
- Vour
0 (210w
oV

@)
I/ iy

Figure 2. Basic Unity Gain Configuration

The high input impedance of the circuits in Figures 2 and
3 can be maintained in an inverting application. Since the
AD210 is a three-port isolator, either the input ieads or
the ourpur leads may be interchanged to create the signal
inversion,

REV. A

15w
Figure 3. Input Configuration for G> 1
Figure 4 shows how to accommodate current inpuls or sum cur-
rents or voltages. This circuit configuration can also be used for

signals greater than £10 V. For example, a £ 100 V input span
c2n be handled with Ry = 20 k€2 and Ry, = 200 ki),

v.,,.*(%"; . E slye) T

Figure 4. Summing or Current Input Configuration

Adjustments

When gain and offset adjustments are required, the actual cis-
cuit adjustment components will depend on the choice of input
configuration and whether the adjustments are to be made at
the isolator’s input or output. Adjustments on the output side
might be used when potentiometers on the input side would
represent a hazard due to the presence of high common-mode
voltage during sdjustment. Offset adjustments are best done at
the input side, s it is better to null the offset ahead of the gain.
Figure 5 shows the input adjustment crcuit for use when the in-
put ampiifier is configured in the noninverting mode. This offset
adjustment circuit injects a small voltage in series with the

L e GAN

v
/ Figure 5. Adjustments for Noninverting Input

=3~
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low side of the signal source. This will not work if the source has
another current path to input common or if current flows in the
signal source LO lead. To minimize CMR degradation, keep the
resistor in series with the input LO below a few hundred ohms.

Figure 5 also shows the preferred gain adjustment circuit. The
circuit shows Re of 50 kf2, and will work for gains of ten or
greater, The sdjustment becomes less effective at Jower gains
(its effect is halved at G = 2) so that the pot will have to be a
Isrger fraction of the total Rp at low gain. At G = 1 {follower)
the gain cannot be adjusted downward without compromising
input impedance; it is better to adjust gain at the signal source
or after the output.

Figure 6 shows the input adjustment circuit for use when the
inout amplifier is configured in the inverting mode. The offset

astment nulls the voltage at the summing node. This is pref-
eruble to current injection because it is less affected by subse-
quent gain adjustment. Gain adjustment is made in the feedback
and will work for gains from 1 V/V to 100 VIV,

L5V T
Figure 6. Adjustments for Inverting input

Figure 7 shows bow offset adjustments can be made at the out-
put, by offsetting the floating output port. In this ciecuit, 15V
would be supplied by a sepurate source. The AD210s output

plifier is fixed at unity, therefore, ourput gain must be made
«. & subsequent stage,

g
Figure 7. Output-Side Offset Adjustment

PCB Layout for Multichannel Applications: The unique
pinour positioning minimizes board space constraings for multi-
chunnel applications. Figure 8 shows the recommended printed
circuit board layout for a noninvesting input configuration with
gan.

CHANNEL OUTPLTS
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Figure 8. PC8 Layout for Multichannel Applications with
Gain

Synchronization: The AD210 is insensitive to the clock of an
adjacent unit, eliminating the need to synchroaize the clocks.
However, in rare instances channel to channel pick-up may
occur if input signal wires are bundled together. If this happens,
shiclded input cables are recommended.

PERFORMANCE CHARACTERISTICS

Common-Mode Rejection: Figure 9 shows the common~
mode rejection of the AD210 versus frequency, gain and input
source resistance. For maximum common-mode rejection of
unwanted signals, keep the input source resistance low and care-
fully lay out the input, avoiding excessive stray capecitance at
the input termsinals,
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Figure 9. Commaoan-Mode Rejection vs. Frequency
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LEM Current transducer

'.-I

'
H |
i,

Current Transducer LA 50-S/SP1 L, = 50A
For the electronic measurement of currents - DC, AC. pulsed...,
with a galvanic isolation between the primary circuit (high power)
and the secondary circuit (electronic circuit).
| Electrical data !
I,  Primary nominal r.ms. cument 50 A Features
I Primary cument, measunng range 0..2100 A
R, Measuring resistance Riw R ® Closed loop (compansated) curent
with £ 15 V @: 50A_ 0 330 n  Wensducer using the Hall effect
@2 100A 0 00 o “hnmid memmm
I,  Secondary nominal rm.s. current 25 mA '
V. Supply voltage (£ 5 %) £15 v
L Current emsunmion. ‘ 10+1, mA *l, =0._$100A
v, R.m.s. voitage for AC isolation test. 50 Hz. 1 min 3 kv *K, =1:2000
| Accuracy - Dynamic performance data | Advantages
X,  Overa accuracy @1, T,=25°C £05% % = Sesldsosemy
€ Unearty <0.1 % * Verygoodlineanty
: * Low temperature drift
Typ | Max  Optimized responsa time

I Ofsasteurent @1, =0,T,=26°C

301 mA o \yide frequency bandwidth
I, Themalditefl, -10°C ..+ 70°C ‘:o.z

304 mA e Np insarion losses
t Response time "@ o0 % of |, <1 s * High immunity to extemal
dildt  di/dt accurately followed >50 Alys interference
f Frequency bandwidth (- 1 dB) DC 150 kHz  * Cument overioad capabiiity.
| General data | “Aeeons
* AC vanable speed drives and senvo
T,  Ambient operating temperature -10..#70 *C ablord s
T Ambient storage temperature -25_+85 ‘C ¢ Static converters for DC motor drives
R,  Secondary cod resistance @ T, = 70°C 130 Q Battery supplied applications
m  Mass 45 8 e Uninterruptible Power Supplies
Standards # EN 50178 (UPS)
¢ Switched Mode Power Supplies
(SMPS)
¢ Power supples for welding
applications.

Notes : " With a dv/dt of 50 Ajus
7 A list of corresponding tests is avalable.

201014/5
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Dimensions LA 50-S/SP1 (inmm 1 mm =0.0384 inch)

Front view
- 127,
|
o M
| =
= [I=
53
El 37 -3 /zm,z
)
o J
| Q.._. S i

Top view

Left view

9
el
MOLEX S045-04/AG

o
¢ 3

% 150

26

Secondary terminals

Terminal + : supply voltage + 15V
Terminal - : supply voltage - 15V
Terminal M : measure

Terminal 0 :NC

Connection

LA 50-5/5P1 ; 15 n
—_cr_om

Mechanical characteristics

® General tolerance £0.2 mm

® Fastening 2 holes @ 3.2 mm
® Primary through-hole 127 x6.35 mm

* Connection of secondary Molex 5045-04/AG

Remarks

® L, is positive when L, flows in the direction of the amow.

* Temperature of the primary conductor should not exceed
100°C.

* Dynamic performances (di/dt and response time) are best
with a single bar completely filling the primary hole

* In order to achieve the best magnetic coupling. the primary
windings have to be wound over the top edge of the device.

* To measure nominal currents of less than 50 A, the optimum
accuracy is obtained by having several primary tums (nomi-
nal current x number of turns < 50 At).

LEM raserves the right to carry out modifications on its transducers, in order to improve them. without previous notice.
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Semistack Semikron inverter

SEMISTACK - IGBT

SEMITRANS Stack!

Three-phase rectifier +
inverter with brake

chopper

SEMITEACH - 1GBT
SKM 50 GB 123D
SKD 51

Parza0F

Features

+ Multi-function IGBT convertar

» Transparent enclosure to allow
visualization of every part

» |P2x protection to minimize
safety hazards

» External banana/BNC type
connaciors for all davices

+ Integrated drive unit offering
short-circuit detection/cut-ofi,
power supply failure detection,
intariock of IGETs + galvanic
izolation of the user

+» Forced-air cooled heatsink

Typical Applications

+ Education: One stack can
simulate almast all existing
industrial applications:

- 3-phase inverter+brake choppar

- Buck or boost convertar

- Single phase invertar

- Single or 3-phasa rectifier

Circuit hrrrs (&) Voo F Viomas Types
BECI a0 440 / 750 SEMITEACH - IGET

Symbol | Conditions Values | Units
no owerlioad 3o A
IGET - &« SKM 50 GE 1230

1200 1)
I-= 50A, Vige= 15V, chip level; T= 25(125)°C 2.7 (3.5) v
20 W

Tease= 25 (BO)"C S0 (40) A
Teme= 25 [B0)°C; tp= 1ms 100 (BO) A
Fectfier - Tx SRO 5114

Vinjmaxy | without filber 3 x 480 v
with filter 3 x 380 W
DT Capacitor bank - Elecirolytic 2x 2200 400V

Coqm totzl equivalent capacitance 1100/ 800 |pFiv

Vocmex | max. DC voltage applied to the capacitor bank 750 W
Diriver - dx SKHI 22

Power

aupgly or1s W

Current

conswmp | max; per driver 16 ma

fion

! | Nommally Open type (NO) 7 "C

E223;

B&CI + E1CIKF

Thiie technical information specifies semiconductor devices but promises no
charactenstics. No warranty or guarantee expressad or implied ie made regarding
delivery, performance or suitability.

2 Powar Electronic Systems — SEMISTACK
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