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Abstract:

This project is focused on a low cost frequency
converter equipped with diode rectifier and
small DC link capacitor. The problems associ-
ated with this configuration are the high fluc-
tuations introduced in the DC link voltage.
Due to the small capacitor the diode recti-
fier harmonics are not rejected as the natural
frequency of the DC link is above six times
the grid side frequency. When this type of fre-
quency converter is used to drive a squirrel
cage induction motor the system is very sen-
sitive to changes in speed. Quick changes in
speed cause large overvoltages in the DC link
voltage which in turn could trigger the over-
voltage protection of the frequency converter.
Therefore the dynamics of the system are very
poor.

The projects main goal is to analyse stability
margins of the frequency converter and exam-
ine the influence of different parameters on the
stability of the system. In order to analyse sta-
bility a mathematical model of the system has
to be obtained. The model is then linearized
to derive transfer functions that describe the
influence of different inputs on the DC link
voltage. The stability analysis can then be
carried out using conventional control theory.
The obtained stability margins are then eval-
uated with simulations in Matlab/Simulink.
To fit with the topic of a low cost drive, a sen-
sorless V/f control strategy is also designed
and verified with simulations. The open loop
V/f control and space vector modulation are
then implemented on a DSP to examine the
system behavior in practice. Experimental re-
sults were acquired and documented.
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Chapter 1

Introduction

This chapter gives description of the project and provides some relevant background information.
Project goals and limitations are outlined as well.

1.1 Background

The frequency converter used within this project is shown in fig. 1.1. It is equipped with a diode
rectifier on the grid side, DC link capacitor and an inverter on the motor side. Many other varieties
of the frequency converter exist but the focus is kept on the previously mentioned arrangement
where it is the arrangement involved in this project.

—c J% 7

Grid side DC link Motor side Load

Figure 1.1: Frequency converter.

Rectifier-inverter topology

To begin with, the circuit in fig. 1.1 will be studied with no inductance involved, L, = 0. If the
motor side inverter is neglected, the DC link voltage is rather constant for large capacitance where
the capacitor filters the diode rectifier harmonics effectively. Therefore, almost no current will flow
through the capacitor due to the relationship:

dvo
ic=C—— 1.1
o= (1)
where i¢ is the current through the capacitor, C' is the capacitance and vo is the voltage over the

capacitor.

But if the capacitance is lowered, fluctuations in the DC link voltage, with 6 times the grid
side frequency, increase. This is because the natural frequency of the DC link is increased and does
therefore not reject the rectifier harmonics as effectively. This can also be viewed from energy laws,
where the energy injected through the diode rectifier is still the same. This can be seen from the
following relationship:
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Welt) = [ p(thdt =5 (s#(t0) ~ v2(0) (12)

where W () is the total energy injected to the capacitor and p(t) is the instant power through the
capacitor. Fig. 1.2 shows vc(t) as the capacitor charges or discharges, it is shown that W (¢) is the
area under the voltage curve as the capacitor is being charged.

Ve(t) A Charging |Discharging |

Figure 1.2: Voltage over the capacitor when it charges and dishcarges.

As C is lowered the difference between the maximum and minimum value of v has to increase
if the same energy is injected to the capacitor. And as the voltage fluctuations increase, the current
through the capacitor increases in order to fulfill (1.1).

But this arrangement introduces some problems with inrush currents and overvoltages at the
instance of grid connection. For a worst case situation when the DC link capacitor is fully discharged
and the grid side voltage is at its peak value the maximum theoretical voltage over the DC link
capacitor would be 2v/2V7r, Vi1 being the line-to-line grid voltage, which could possibly destroy
the capacitor. Together with the overvoltage, a large inrush current would also occur. With no
inductance involved the inrush current would rise very quickly to a high value. The inrush current
could possibly destroy the diodes, the DC link capacitor or the load, [1].

Effects of inductance

In practice, a grid inductance L, is always present on the grid side, as shown in fig. 1.3. The size
of Ly can vary depending on whether the grid is stiff or weak.

—c J% e

Grid side DC link Motor side Load

Figure 1.3: Frequency converter with DC' choke.

Normally the DC link capacitor is large to provide a stable DC voltage, a small L, then in-
troduces a very high harmonic distortion and a low power factor. An optional inductance can be
added, either as a DC choke or an AC choke, depending if the optional inductance is located on
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the DC or the AC side of the diode rectifier. The total inductance can then be increased which will
decrease the harmonic distortion and give larger power factor, [2].

Three phase inverter

The motor side converter is a three phase inverter, as shown in fig. 1.4.

&%

Figure 1.4: Three phase inverter.

The three phase inverter consists of six switches parallely connected to diodes, to provide a re-
turn path for the load current. The inverter utilizes the DC link voltage to the load in a controlled
fashion using pulse width modulated gate signals. The preferred pulse width modulation methods
are the carrier-based methods because they provide low harmonic distortion and well defined har-
monic spectrum. The carrier-based methods can mainly be implemented in two ways, using the
triangle intersection technique or the direct digital technique. The former technique compares a
sinusoidal control signal to a high frequency triangular wave to create the gate singals. The latter
technique constructs the gate signals by precalculating the required time duration of each gate
signal pulse using space vector theory. Many methods exist for producing pulse width modulated
gate signals, the difference for carrier-based methods lies in the decision of the zero sequence sig-
nal for the triangle intersection technique and in partioning of the zero states in the direct digital
technique, [3].

In practice, the switches do not switch states instantly, therefore the inverter is usually equipped
with deadtime that delays the turn-on and turn-off of every switch to prevent a short-circuit through
each inverter leg. The deadtime has several negative effects on the output voltage, like reducing the
fundamental component and adding lower order harmonics, [4].

As the progress continues in power semiconductor devices, higher power ratings and switching
frequencies become available for inverters. Many switching devices exist and the choice depends
mainly on current and voltage ratings and switching frequency. But other characteristics are also
important, these are [1]:

e Small leakage current.

e Small on-state resistance.

Small on-state voltage.

Short turn-on and turn-off times.

Large forward- and reverse-voltage blocking.

High on-state current rating.

Positive temperature coefficient of on-state resistance.
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e Gate drive complexity.
e Tolerance of rated voltage and current during switching.

e Large dv/dt and di/dt ratings.

DC link capacitor

Because of its high capacitance per volume ratio, the electrolytic capacitor has been the preferred
capacitor for the DC link for years, where high capacitance gives smoother DC link voltage. But
the electrolytic capacitor is expensive and heavy, and introduces considerable explosive risks and
is usually the component that fails in the frequency converter, reducing the lifetime of the system,
[5] [6]. Therefore researchers have been looking for a replacement for the electrolytic capacitor.
But replacing the electrolytic capacitor would result in a DC link with lower capacitance which
does not provide as effective filtering of the rectifier harmonics. But, lower capacitance would also
allow higher AC current to travel through the capacitor, reducing the line current harmonics, but
also increasing the stress on the capacitor and increasing the risk of capacitor breakdown. Due to
these reasons, the most promising substitude has been the metallized polypropylene film (MPPF)
capacitor. Because of its very low losses, it permits a relatively higher AC current compared to other
capacitor types, decreasing the risk of breakdown, [7]. Also, the MPPF capacitor is lightweight, with
much longer lifetime and no explosion risk compared to the electrolytic capacitor, [5] [7] [8] [9].

On the downside, the MPPF capacitor has much lower capacitance per volume ratio, the ca-
pacitance being about 1% of the electrolytic capacitor for the same volume [6]. With lower DC
link capacitance voltage fluctuations are increased. In normal induction motor drives, the motor
control attempts to keep the average power constant at constant speed, but with large voltage
fluctuations the motor control causes the stator current to fluctuate. This can cause the drive to
become unstable [10].

1.2 Problem description

The project proposal was given by Danfoss and deals with frequency converter consisting of a
diode rectifier on the grid side, small DC link capacitor and full bridge inverter on the motor side.
As the system layout shows in fig. 1.5 there is no DC choke present. Furthermore, there is no
speed measurement from the squirrel cage induction motor (SCIM) which consequently requires a
sensorless motor control. The SCIM is loaded with a DC motor which gives the ability to test the
control strategy for different loads. The controller will interact with the motor side inverter using
feedback of measured currents and voltages from DC link and stator to calculate the duty cycles
for the inverter.

The problem arises from the small DC link capacitor which causes large variations in the DC
link voltage. The system has to be linearized to find stability margins in order to build a controller
to compensate for the undesired voltage fluctuations. But as project period is limited the main
project goal will be to come up with a linearized model of the frequency converter and analyse
stability margins for different parameters.

This problem is treated in several papers for different types of frequency converters. [5] uses
simplified model of the diode rectifier for the controller design and states that no additional choke
over the mains inductance is necessary if the natural frequency of the DC link is chosen to be
considerably higher than six times the mains frequency but lower than the switching frequency.
[6] introduces new modulation method to deal with the heavily fluctuating DC link voltage. [7]
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Figure 1.5: System layout.

investigates frequency converter with small DC link feeding a synchronous permanent magnet
motor. [8] works with overmodulation method for frequency converters where small DC link tends
to draw the inverter into overmodulation. [9] deals with a small DC link frequency converter with
a single phase grid side. [10] stabilizes the drive using a resonant filter.

1.3

Project goals

Project goals are inspired by project proposal from Danfoss. The main goal of this project is to
analyse stability in the frequency converter and see how different parameters effect the stability of
the system. The complete list of goals is as follows:

Modeling of nonlinear system.

Design of sensorless motor control strategy.

Construction of a linearized model of the frequency converter.
Locate stability margins.

Verify stability margins with nonlinear model.

Implement motor control strategy on a DSP.

Limitations

Saturation effects in motor are not considered.
Grid side parameters are only considered within narrow range.
Instability in the SCIM is not considered.

Effects caused by deadtime are not considered in stability analysis.
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Chapter 2

Models and sensorless V /f control

Relevant models to simulate the frequency converter and squirrel cage induction motor are derived
in this chapter. Then a sensorless V/f control is designed and evaluated with simulations.

2.1 Space Vector Modulation

The inverter is controlled with pulsating signals which are modulated using pulse width modulation
methods. Many methods exist but within the carrier-based methods they differ mainly in imple-
mentation, linear range, waveform quality and switching losses. The chosen modulation method is
the space vector modulation, where it is possibly the most popular method because of its simplicity
and great linear range, [3].

Model of the modulator

Normally the space vector modulation is implemented using space vectors, [11] [12]. But the im-
plementation used in this project is based on [3] and does not require space vector theory. Instead
it uses the fact that space vector modulation moves the reference voltages to the middle of the
triangular carrier wave. Centralizing the reference voltages in this way gives the duty cycles for the
space vector modulation.

The reference voltages have to be normalized with half the DC link voltage.

2

x ={a,b,c} (2.1)
Udc

ano'r'm = vmref :

Then the smallest vy, in magnitude of the three phases is added to all the normalized
reference voltages. This gives the duty cycles for space vector modulation.

Dfﬂ = ,Ul'norm : vmin (22)
2
where v,,;, 1s defined as:
Umin S |v$nm"m‘ (23)

Fig. 2.1 shows the normalized reference voltages together with the triangular carrier wave. The
triangular carrier wave having values between 1 and -1, it can be seen that the distances from the
top reference voltage to 1 is not the same as the distance from the bottom reference voltage to
-1, this describes the case where the reference voltages are not centralized. Now the waveforms are
moved, using (2.2), so they become centralized within the triangular carrier wave as fig. 2.2 depicts.
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Figure 2.1: Uncentralized reference voltages. Figure 2.2: Centralized reference voltages.

Looking at the centralized waveforms from a larger timeframe, the duty cycles for the space
vector modulation method are revealed as shown in fig. 2.3.

The model for the modulator was implemented in Matlab/Simulink using S-function builder.
The code can be found in appendix A.

091

0.8

o o

Magnitude [.]

0.005 0.01 0.015 0.02
Time [s]

Figure 2.3: Duty cycles of space vector modulation.

2.2 Time delay

Time delays are undesired in control systems where they always reduce the stability of the system.
But time delays always occur for example in sensing, sampling and in the control process itself.
Due to the increased instability caused by time delays, they are necessary to take into account in
the system model, [13].

Model of time delay

The exact model of time delay is an exponential function, e’4®, where T}; is the time delay. This

can not be used to derive the root-locus diagram where it is not a rational function.

But it is possible to replace the exponential function with a rational function using the Padé
approximant of e’¢*. The accuracy of the Padé approximant depends on the order of the rational
function and is denoted by p and q, a (p,q) Padé approximant being a rational function containing
p-th order polynomial in the numerator and g-th order polynomical in the denumerator. In [13],

two Padé approximants of e’¢* are presented, (1,1) Padé approximant shown in (2.4) and (2,2)
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Padé approximant shown in (2.5).
1— (Tys/2
oTas o~ (Tuas/2) (2.4)
1+ (Tds / 2)
Tys o L = (Tas/2) + (Tys)%/12
14+ (Tys/2) + (Tys)?/12
The Padé approximant corresponding to (2.5) is chosen for modeling the time delay where it is
more accurate with little increased complexity.
Block diagram of the model is shown in fig. 2.4.

(2.5)

1- (Tds/2)+ (Tds)Z/Z
1+ (T,s/2)+ (T,s) /2

Figure 2.4: Block diagram of sample delay.

According to the project description there is a 2 samples delay within the system for a sampling
frequency of fs =4 kHz. The sampling delay is therefore:

Ty="5-10"" sec. (2.6)

2.3 Voltage source inverter

A model of the voltage source inverter (VSI) is necessary to transform the DC link voltage to the
phase voltages applied to the load for given duty cycles.

Average model

Circuit diagram of the VSI is shown in fig. 2.5, its outputs are connected to the stator windings
of the motor. The stator windings are star-connected with the neutral point denoted as n. The
negative DC bus is denoted by 0 and the outputs of each leg of the inverter are denoted by a, b
and c.

| ' | ) | Motor stator
0 windings

Voltage source inverter

Figure 2.5: Circuit diagram of VSI conneted to stator windings.

From fig. 2.5 it is apparant that in a switching operation, v,g, vpg and v.y are either vg. or 0:

V0 = Gz * Ude x ={a,b,c} (2.7)




2.3. VOLTAGE SOURCE INVERTER

where ¢, is the switching state of the leg, ¢, = 1 meaning that the upper switch is conductiong
while the lower is blocking and g, = 0 meaning the opposite.

For an average model the switching states are replaced with the duty cycles d, of each leg:

Vg0 = dg - Ve x ={a,b,c} (2.8)

Then each phase voltage can be described by:
Vgn = Vg0 — Uno z = {a,b,c} (2.9)

where vy is [1]:

Uno = Vg0 + UEZ;O + Ve (210)

Putting (2.8) and (2.10) in (2.9) gives the average model of the VSI:

Van = (2dg — dy — d,) %
Von = (2dp — dg — dc)%iE (2.11)
Ven = (2d. —dy — dy) %

The DC link current can be derived using Kirchoffs current law. The DC link current is the
total current from all branches:

Tge = dglq + dptp + deie (2.12)

To fit with the motor model the phase voltages have to be transformed to the stationary reference
frame using (2.13).

_2 ( IR )
Vo = 3 Van van 2 cn
23
v = 3{ (O — Ven) (2.13)

Block diagram of the VSI model is shown in fig. 2.6.

10
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Figure 2.6: Block diagram of VSI.

2.4 Induction motor

A model of the squirrel cage induction motor (SCIM) is necessary to see the influence of different
inverter output voltages on the motor for different load torques. The selected model of the IM is
the I' model where it is well suited for analysis of drives using the V/f control strategy [14].

IM equations in dq0 reference frame

Equations that describe the dynamic behavior of the IM are shown in (2.14) and (2.15), [15].

— - 2 Z_; b ejer
Ugbes = Tslabes T Lsplabcs + ’YL;np(L (214)
= 2 7 i_;abcr 271 Z._;abcr / - i0

’leabcr = 7 TTT + LrpT + ’Yme(Zabcseij T) (215)

where Ly = Ljs+ L, and L, = L] + L. L;s and Lj, being the leakage inductances of the stator
and rotor, respectively, and L/ the mutual inductance between stator and rotor windings.

The parameter « is the turns-ratio between the stator and rotor. It arises from the transformer
action of the IM and can be chosen completely arbitarily for a squirrel cage IM, [15]. But it will
remain undefined for now. (2.14) and (2.15) can be simplified by using the notation:

ﬁabcr = ’Y'J;abcr (216)
57

iabcr = Zaﬂ (217)
Y

Ly = ~L (2.18)

L. = ~°L. (2.19)

e o= v (2.20)

11
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The problem using (2.14) and (2.15) for modeling is that they contain position dependent
mutual inductances L,,. If the motor is rotating, these inductances become time-varying, resulting
in nonlinear relationships. By transforming both the stator and rotor variables of (2.14) and (2.15)
to another reference frame, the time-varying inductances can be eliminated [16].

by
q
q d L D
0
as
»d
/ -0
Cs
as
Cs
Figure 2.7: The dq reference frame relative to the Figure 2.8: The stator abc reference frame rela-
stator abc reference frame. tive to the dq reference frame.

Fig. 2.7 shows how rotating dq0 reference frame is located relatively to the magnetic axes of
the stator phases. Someone standing on the stator a-axis would see the d-axis rotating with angle
0, alternatively if someone would stand on the d-axis he would see the stator a-axis rotate with
angle —@ as shown in fig. 2.8. It follows then:

.ﬁlqo = ]Fabcse_je (221)

where f can be any of the stator circuit variables.
Knowing that e = cosf — jsinf, the generalized dq0 transformation matrix can now be

derived:
fa 5 cos(f)  cos ( — %”) cos (9 + %ﬂ) fa
;s =3 —sz’;(@) —sin (% — %’r) —sin (g + 2{) ;IC) (2.22)

where fy is the zero-sequence component and is necessary to obtain a unique transformation.
Putting (2.14) into (2.21) results in [15]:

17dqs = rsg’dqs + Lspqus + L{mpqur + jw(Lsidqs + Lmidqr) (223)

where w is the speed of the dq0 reference frame.
Now, for the rotor variables, fig. 2.9 shows how rotating dq0 reference frame is located relatively
to the magnetic axes of the rotor phases. Similiar analysis as before give:

ﬁlqO = .ﬁbbcre_j(e_ar) (224)
Putting (2.15) into (2.24) gives:
qur = Trqur + Lrpqur + me%’dqs + ](w — wr)(Lerqr + Lmqus) (2'25)

(2.23) and (2.25) are the general dqO reference frame representation of the IM model. The speed
of the reference frame can be chosen by specifing the variable w.

12
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> a

b,
Figure 2.9: The dq reference frame relative to the rotor abc reference frame.

I’ model

In (2.14) and (2.15) the turns-ratio parameter v was left undefined. The most common definition

of ~y is the real turns-ratio:
N
=2 2.26
=N (2.26)
where N is the number of windings on the stator and N, is the number of windings on the rotor.
This results in real leakage inductance model based on the datasheet from the designer, [15].

The equivalent circuit representation for this arrangement can be seen in fig. 2.10.

Y —> > ™ . —> —>
Vigs @ Ly, @ - ]wr(Lmldqs+Ll‘ldq}’)

Figure 2.10: T-model of equivalent circuit.

But defining v as:
L

puts all the leakage inductance on the rotor and is convenient for drives using the V/f control, [14].

It is therefore used for the IM model.
The new parameters of the motor can be calculated using (2.20) and (2.27).

vy (2.27)

L, = L (2.28)
L, = ’}/QLET +vLis + Ls (229)
o= (2.30)
The IM model then looks like:
qus = rsqus + Lspqus + Lspqur + jWLs (qus + ;dqr) (2'31)

13
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gdq'r = Tr;dq'r + Lrp;dqfr + Lspqus + ](w - wr)(LTquT =+ Ls;dqs) (2'32)

This changes the equivalent circuits representation as seen in fig. 2.11. To fit with the equations,
another inductance, Ly = 72L§r + L5, is defined as the rotor inductance.

Iy LL v,
YTYTYN

+

v > > E —> —>
Vigs @ L @ ] a)r(ledqs_'_Lrldqr)

Figure 2.11: I'-model of equivalent circuit.

Constructing the model

To build the model in Matlab/Simulink (2.31) and (2.32) have to be split to their d and q compo-
nents and put in the s-domain.

Vis = Tslds + LsSiqs + Lgsiqr — wls(igs + igr) (2.33)
Vgs = Tsigs + Lssigs + LsSigr + wLs(ias + tar) (2.34)
Var = Tyl + LrSigr + Lgsiqgs — (W — wy)(Lyigr + Lsigs) (2.35)
Vgr = Tplgr + Lpsigr + Lgsigs + (w — wy)(Lrigr + Lsias) (2.36)

The model is build using the stationary reference frame, therefore w = 0. The stator currents
are derived by isolating igs in (2.33) and i4s in (2.34):

1

ids = m (’Uds - SLsidr,-) (237)
. 1 ‘
qu = m (qu — SLSZqT> (238)

Block diagram of the model for obtaining stator currents is show in fig. 2.12.
The rotor currents can be derived from (2.35) and (2.36) by isolating i4, and iq. and knowing
that vg, = vg = 0 for SCIM:

. 1 . , ‘

Ldr = m (—wr (LSZqS + Lr@q’/‘) - SLSzdS) (239)
. 1 . ‘ .

lgr = m (wr (Lsigs + Lyigr) — SLquS) (2.40)

(2.37)-(2.40) define the IM electrical system model. The block diagram for the rotor current
model is shown in fig. 2.13.

For the mechanical system the electromechanical power P.,, produced by the IM is defined as,
[15]:

3 . o 3 . ..
P.,, = §Pme;n (lgslar — tdsiqr) = §Pmes (igsidr — Tdsiqr) (2.41)

14



CHAPTER 2. MODELS AND SENSORLESS V/F CONTROL

as

Vd s

Ls+rg

L.s

L,s+r,

Vs ——

1

Lis+r

s

qr

L.s

L,s+r,

s

SR

Figure 2.12: FElectrical system - Stator currents.
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where P is the number of pole-pairs of the IM, L/ = L, because of the previously defined v and
wyy, is the mechanical speed of the rotor which is related to the electrical speed by:

wr =P -wp (2.42)

The produced electromechanical torque T, is then:

P 3 . ..
Te = UL §PL5 ('quldr - stzqr) (2'43)

To describe the electromechanical behaviour of the IM the simplest form is used [15]:

dwpm,
Ten=J——+4+T 2.44
J o Tl (2.44)
where J is the inertia of the shaft and 77, is the applied load torque.

Rearranging (2.44) and transforming to s-domain gives the rotor speed in mechanical degrees:

1

57 (Tom = T (2.45)

Wm =

Block diagram of the mechanical system is shown in fig. 2.14.

ids"
. X M
Iqr"
"= —§PLS Tem 1
> 4+ 2 g"&m
R NV -+ 1
gy ————— " — @y,
T, < Js

Figure 2.14: Mechanical system of IM model.

2.5 Sensorless V /f control

To be consistent with project purpose of a low-cost design, a sensorless speed controller has to be
implemented. Because of its simplicity, V/f control is widely used despite its inferior performance
compared to the vector control methods. To increase accuracy, the open loop V/f control requires
compensation for stator resistance voltage drop and slip frequency. Stator resistance voltage drop
can be easily compensated by the knowledge of stator resistance but slip compensation requires
knowledge of the rotor speed which can be available through an encoder or speed tachometer. But
the slip frequency can also be obtained without the sensor using stator voltages and currents. This
preserves the mechanical robustness of the SCIM and decreases the cost of the drive, [17].

The method used is explained in [18] and estimates the slip speed by estimating the electro-
magnetic torque and the flux component of the stator current in the rotor flux oriented reference
frame. The stator voltage drop is partially estimated using the torque component of the stator
current in the rotor flux oriented reference frame. This is announced to be more efficient than full
compensation in keeping the flux from saturating.
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Open loop V/f control

To explain the theory behind the open loop V/f control the dynamic model of the SCIM in syn-
chronous reference frame has to be observed, [17]:

SAgd = Vsq — Tslgqg + WeAg,

SAGq = Ugq — Tslgy + WeAsq (2.47)

where the superscript e denotes a variable in the synchronous reference frame.

In the synchronous reference frame all stator variables become constant during steady state.
Also, if the flux vector is assigned to the d-axis the flux component on the g-axis is zero. (2.46) and
(2.47) then reduce to:

'U;d = Tsigd (248)
Vsg = Tslgg T WeAs (2.49)

If the stator resistance is neglected the stator voltage vector becomes:

|Us| & weAs (2.50)

(2.50) shows that constant flux can be obtained by keeping the ratio between frequency and
stator voltage constant. It is desired to hold the flux at its rated value, thus for a given reference
frequency f.r the peak value of the stator voltage should be:

Vn
n

where V), and f,, are the nominal voltage and frequency of the motor, respectively.

|‘/s| = fref (251)

Rotor flux observer

The dynamic model of the SCIM can be described by the following equations in the a3 reference
frame using the I'-model:

Vsa = Tslsa + SAsa (2.52)

Vsg = Tslsg + 8)\5/3 (2.53)

0 = 7pira + 8 a +wWrArg (2.54)

0 = rripg+8A3 — WA (2.55)

Where the flux linkages are expressed as:

)\sa = Ls (isa + ira) (256)

)\55 =L (Z'Sﬁ + Z}g) (2.57)

Ara = Lsisa + Lrira (258)

)\TB = LS’L'S/g + Lr’irﬁ (2.59)

The stator flux can be estimated by isolating the stator flux component in (2.52) and (2.53):
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2.5. SENSORLESS V/F CONTROL

Asa = /(Usa — Tslsq) dt (2.60)

Ao = / (g5 — sisg) dt (2.61)

To prevent the DC drift and initial value problem of the pure integrator it is replaced by a
modified integrator explained in [19]. Block diagram of the modified integrator is shown in fig. 2.15,
where L is the nominal stator flux.

usa - isars - 1 j@

S+aw, +
o |, | m: 2]
S+ o, A

Polar Cartesian sa
to to
Cartesian Polar
[ON ge Z’sg

0 |, |
S+ o,
) 1 T
Ugg — a0 — ¥

S+,

Figure 2.15: Modified integrator.

From (2.56) and (2.57) the rotor currents can be expressed as:

. A .

lra = l:jj — lsa (262)

. A .

3 = Ifﬁ — g8 (2.63)
s

Inserting into (2.58) and (2.59) gives the rotor flux:

L,

)\T‘Oé - fAsa - (LT - LS) isa (264)
L, .

)\Tg fAsﬁ — (LT — Ls) isg (2.65)

The rotor position can now be obtained as the angle between the rotor flux components, Ao
and \,g:

Ar
6, = arctan ()\ 5) (2.66)

T
Thus all variables can be transformed to the rotor flux oriented reference frame. The imple-
mentation of the r; and slip compensator requires the stator currents in the rotor flux oriented
reference frame:

ihg = isaCosb, +isgsind, (2.67)

iy = —lsasing, +iggcosb, (2.68)

where the superscript r denotes variables represented in the rotor flux oriented reference frame.
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Stator resistance compensation

The stator resistance voltage drop can be fully compensated using the triangular relationship [20]:

Vi = Lrscos ¢ + /B2 — (I,rysin )2 (2.69)

But this method tends to overcompensate the voltage resulting in saturation of the stator flux
especially when the load torque decreases, [18]. This method is especially useful in low frequency
situations like starting the SCIM with large load. For low stator frequency the rotor leakage is
small enough to be omitted. The T-model equivalent circuit of the induction motor then becomes
as shown in fig. 2.16. Drawing the vector diagram of this circuit, fig. 2.17, shows that the ¢4, current
is now directly proportional to the airgap emf vector E,,. Therefore, to maintain constant airgap
flux, only the stator resistance voltage drop related to the i5, component needs to be compensated.

qA

Vs
r/S
Is
isd
| P
d
Figure 2.16: Simplified T-model of SCIM at low Figure 2.17: Vector diagram of SCIM at low fre-
frequency. quency.
The stator voltage with added compensation then becomes:
VI =V 4 B, (2.70)

While this approximation is only valid at a low stator frequency it is applicable where project
is limited to low speed performance.

Slip compensation

In the rotor flux oriented reference frame the slip speed wy can be denoted as, [18]:

/
TemT)

- 2.71
P (L), 2

Wsl =
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In the I'-model, (2.71) becomes:

Temr,,
= _anr 2.72
Wsl PLglzd ( )
Knowing that the electromagnetic torqe can be described by:
3 . .
Ter, = §P (Asaisg — Asgisa) (2.73)

and the d-component of the stator current can be obtained from (2.67), the slip speed can easily be
calculated and added to the reference speed. Block diagram of the whole sensorless control scheme
is shown in fig. 2.18 and block diagram of the open loop V/f control is shown in fig. 2.19. Lowpass
filters are necessary to minimize ripple in frequency reference due to ripple in feedback signals, vgq,
Vs, isa and igﬁ-

1 -0,
N
+ Open loo, +C
o N @, V/i?‘ trpl Vs
+ e contro +
Wyt
Lowpass
Filter
Slip 7
compensator compensator
T. em isd isq
Lowpass Lowpass
Filter Filter
L Rotor
Sflux
observer
Vsa Vsp ixa lsﬂ

Figure 2.18: Block diagram of sensorless V/f control.
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Figure 2.19: Block diagram of open loop V/f control.

2.6 Simulations

The system is simulated in Matlab/Simulink 7.4.0 (R2007a) to verify the sensorless V/f control and
compare it to the open loop V/f control.
Block diagram of the simulation setup is shown in fig. 2.20. All components, except for the
diode rectifier and DC link models which were obtained from supervisor, have been studied in this
chapter. The average model is used where the focus is on steady state behavior and to speed up
simulation times. For increased accuracy, the model for sampling delay is replaced by the transfer
delay block which is part of the Simulink library. The parameters used are shown in table 2.1.

—|—>@\ Vabe-ref SVM

dae

Trey Op.en loop
V/f control
Nyef Sensorless
Vif control

I

Sampling delay T
Sampling

af

Transformation

VSI

abe

Vsa Vsp sa sp delay

|

3-phase diode
rectifier

" lgrid

DC link

Induction motor
Electrical system

,

Dm

Induction motor
Mechanical system

Calculate iy

Figure 2.20: Block diagram of simulated system.
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Each motor control method is simulated for two conditions, step in speed and step in load
torque. The step in speed is from n,/2 = 715 rpm to n, = 1430 rpm while the torque is at
T,/2 =10 Nm. The step in load torque is from 7,,/2 = 10 Nm to T,, = 20 N'm while the speed is

at n, = 1430 rpm.

Parameters

Mains input voltage Vin | 230v/2 Vpeak
Mains resistance R, 0.5 Q
Mains inductance L, 0.1 mH
DC link capacitance C 500 pF
Stator resistance Ty 1.79 Q
Stator leakage inductance Lis 7TmH
Mutual inductance L, 0.158 H
Rotor resistance T 1.8 Q
Rotor leakage inductance Ly, 0.0144 H
Pole pairs P 2
Motor shaft inertia J 9.57 mNm?
Sample delay Ty 0.5 ms
Switching frequency fsw 6 kHz
Lowpass filter cutoff frequency | we 2m rad/s

Motor nameplate
Nominal power P, 3.0 kW
Nominal phase voltage Vi | 380/v/3 Vins
Nominal current I, 6.9 Arps
Nominal frequency fn 50 Hz
Nominal power factor PF 0.77
Nominal speed Nin 1430 rpm
Nominal torque T, 20 Nm

Table 2.1: Model parameters.
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Case 1a: Open loop V/f control - Speed step

Fig.s 2.21 and 2.23 show the DC link voltage and the DC link current, that is the current going
into the inverter. Due to the speed step, the DC link current increases as the stator voltage has
been increased over the stator resistance. It can be observed that the average value of the DC
link voltage decreases which should not occur if compared to simulations using PLECS in section
3.4. It is also observed that the ripples are increased in the DC link voltage which is also unusual
where the diode rectifier always soft-switches. Looking closer at the DC link voltage shows that it
only contains harmonics of 300 Hz from the diode rectifier and no switching harmonics. This was
expected as the average model was being used. The ripple in the DC link voltage should therefore
not increase. This could be caused by poor accuracy of the model that was used in the simulation
but this is not of so much concern in this section where the focus is on comparing the open loop
V/f control to the sensorless V/f control.
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Figure 2.21: V/f control. DC link voltage at speed Figure 2.22: V/f control. Zoom on DC link volt-
step. age.

Due to doubling in speed reference, the V/f control doubles the voltage which is in correspon-
dance with the V/f control, fig. 2.24.
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Figure 2.23: V/f control. DC link current at Figure 2.24: V/f control. Peak value of reference
speed step. voltage.

The rotor speed and electromagnetic torque are affected by the fluctuations in the DC link
voltage and contain rippled content. The torque is then the same before and after the speed step
where no change in load occured. The rotor speed is changed but is lower than the reference due to
stator resistance and slip, where applied load is 7;,/2 = 10 Nm. These factors are not taken into
account in the open loop V/f control and therefore a large error in rotor speed is encountered.
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Figure 2.25: V/f control. Rotor speed at speed Figure 2.26: V/f control. Electromagnetic torque
step. at speed step.

Case 1b: Open loop V/f control - Torque step

At the time of torque step, the DC link current is increased as the torque is only proportional to
the current when the flux is held constant, fig. 2.28. The DC link voltage should not be affected
but actually get affected due to inaccurate modeling, 2.27.
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Figure 2.27: V/f control. DC link voltage at Figure 2.28: V/f control. DC link current at
torque step. torque step.

As seen from fig. 2.29, the rotor speed is even further from the reference both due to the increase
in slip and increase in stator current. It can be observed in fig. 2.24 that no change occurs in the
reference stator voltage at the instance of torque step, at time ¢t = 1 sec.

The torque step increases the electromagnetic torque of the motor which needs to match the
load torque to maintain speed, fig. 2.30.
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Figure 2.29: V/f control. Rotor speed at torque Figure 2.30: V/f control. Electromagnetic torque
step. at torque step.

Case 2a: Sensorless V/f control - Speed step

Now, the stator voltages and currents are fed back to the V/f controller to allow compensation for
stator resistance and slip. But due to ripples in current and voltage and sample delays, the sensed
signals also contain ripples which induces more ripples. This is seen from the DC link current and
voltage which fluctuate more erratically than before, fig.s 2.31 and 2.32.

2 860} z
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820+
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480 : : . : : 5 : ‘ . ‘ :
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Time [g] Time [g]
Figure 2.31: Sensorless V/f control. DC link Figure 2.32: Sensorless V/f control. DC link cur-
voltage at speed step. rent at speed step.

It can be seen from fig. 2.33 that the reference voltage saturates at the instance of the speed step.
This is because the current is limited in the sensorless V/f controller. But the reference voltage is
now higher than in Case 1a because the voltage drop over the stator resistance is taken into account.
The slip speed is seen in fig. 2.34 and its response is bounded by the lowpass filters in the controller.
The lowpass filters are 1st order and are all put to rather low cutoff frequency (w. = 2m) which
introduces slow response with low harmonic content. If examined closely, it can be seen that the
sensed slip speed reaches steady state little before t = 2 sec in fig. 2.34, the load step discussed in
next subsection is applied at time t = 1 sec.

Because of the sensorless control the rotor speed is now closer to the reference than in Case la
but the speed is a little bit over estimated. The torque is similiar as in Case la but it is seen that
the ripples in the reference voltage propagate to the torque, fig. 2.36.
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Case 2b: Sensorless V /f control - Torque step

As in case 1b the torque step increases the DC link current resulting in lower DC link voltage.
The DC link voltage and current fluctuate more erratically because of the ripples in the reference
voltage.
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Figure 2.37: Sensorless V/f control. DC link Figure 2.38: Sensorless V/f control. DC link cur-
voltage at torque step. rent at torque step.

The rotor speed decreases due to the load step but the speed controller increases the speed to
almost the same value as before the load step. The electromagnetic torque follows the load torque
and fluctuates due to the DC link current and reference voltage ripples.
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Figure 2.39: Sensorless V/f control. Rotor speed Figure 2.40: Sensorless V/f control. Electromag-
at torque step. netic torque at torque step.
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2.7 Summary

Components of the system, delay, modulation and a control strategy have all been modeled and
studied in this chapter except for the diode rectifier and DC link models which were obtained from
supervisor. Although the model for time delay was not used in simulations it was necessary to
derive where it will be used in next chapter.

Simulations showed that better speed accuracy is acquired with the sensorless V/f control but
more ripples are introduced in rotor speed and electromagnetic torque. These ripples are caused by
ripples in stator currents and voltages which causes ripples in the calculated slip speed and voltage
references. Due to this, the ripples basically propagate through the system and become more severe
because of sampling delay. As fast dynamics are not of concern in the system, a solution could be to
put a filter on all feedback signals. This would give slower response but ripples would be reduced.
In practice, the stator voltages would at least have to be filtered because of the PWM controlled
inverter. But because an average model was used in the simulation, filtering of stator voltages was
not necessary.
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Chapter 3

Stability analysis and DC link
dimensioning

In this chapter a small signal model of the system is obtained and the corresponding transfer func-
tions are used for stability analysis and to evaluate the effect of different parameters on stability.
Then the converter considered in the project and the converter used in implementation from Dan-
foss are compared with simulations. Finally, the stability analysis is evaluated by attempts to create
an unstable condition with simulations based on the stability analysis.

3.1 Deriving the transfer functions

With a small DC link capacitor the DC link voltage fluctuates heavily. To examine if this can
cause the system to become unstable the frequency converter has to be linearized in order to find a
transfer function describing the system. The system has two inputs, grid side voltage and frequency
reference for the SCIM. To investigate the stability behavior on the DC link voltage caused by these
inputs, a linear relationship between these terms is needed. In this section these relationships are
derived.

Simplified model of frequency converter

Circuit diagram of the frequency converter without the inverter is shown in fig. 3.1. To obtain the
linearized model of the frequency converter, a simplified model will be used, shown in fig. 3.2, [5].
The simplified model assumes that the diode rectifier is always working in discontinuous conduction
mode. Therefore only two diodes conduct at once, [1]. This assumption can be made where the only
inductance involved is the mains inductance which is low in practice and causes a discontinuous
grid side current, [2]. In the simplified model the mains impedances have been moved to the DC
link and the diode rectifier has been replaced with a voltage source which has the output of an
ideal diode rectifier.
From the simplified circuit the following system model can be derived:

B 1 N sL’g + R’g , (3.1)
e = @201 + sCR, + 19 $CL, + sCR, + 1 '
where L’g and qu are defined as:
L =2, R, = 2R, + 3wy L,/ (3.2)
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Figure 3.1: Clircuit diagram of frequency con- Figure 3.2: Simplified circuit diagram of fre-
verter. quency converter.

where wy is the angular frequency of the grid side voltage and the term 3wyL,/m denotes the
nonohmic losses due to noninstantaneous commutation of diodes, [1] [5].

Where (3.1) is linear, the small signal model can easily be obtained:

/ /
! P k. R (3.3)
s2CL) +sCR) +17 " s2CL, + sCR! +1

VUde =

where the transfer functions that describe the system are:

Pae 1
Gugls) = [ - 3.4
S ( 0 >;d60 20 + sCRy + 1 (34
Gui(s) = <@dc) — oLy + Ry (3.5)
v ige) o —o  $*CLy+ sCRy +1 ’
-

But where i4. is not a control variable, G; is not useful in its present form. 74, has to be replaced
by a control variable, which in this case is we.

Relationship between i,. and w,

As mentioned before the transfer functions have to give a linear relationship between vy, and the
two control inputs of the system, v, and w.. Before being able to derive these transfer functions a
linear relationship has to be found between i4. and w, resulting in the correpsonding small signal
model between these variables.

The sum of all losses in the inverter and motor should equal the DC link power:

Vdctde = Pinv + Pou + Pf + Pem (36)

where P;,, denotes the losses in the inverter, Pg, the resistive losses in the SCIM, P; the core
losses and P, the power converted to electromagnetic power. Assuming that the losses are small
compared to the produced electrommagnetic power and that the system is operating in steady
state, (3.6) can be simplified to:

Vdclde = Pem (37)

The electromagnetic power can be expressed as a function of the electromagnetic torque Tp,,
and electrical speed we.

Py = Top— (3.8)

P being the number of pole-pairs.
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Then i4. can be expressed as:

. Tem we
= = 3.9
Ydc Ve P ( )
The modulation coefficient is defined as, [21]:
T Vs
= —— 3.10
Ma =73 Vde ( )
Isolating vg4. and inserting into (3.9) gives:
- 2 Tem mg

Ide = — w 3.11
de ™ o ve P ° ( )
Now, (3.11) is nonlinear because it contains products of time-varying variables. (3.11) can be
linearized by denoting each variable by its quiscent value and small AC variation at a certain
operating point, [2]. Quiscent values are denoted by a captial letter or are followed by ? notation.

Small AC varying variables are denoted with a”. Linearizing (3.11) gives:

R 2179 +To

Idc + ige = ;P Ve + 0, (Qe + («A‘Je) (Ma + ma) (312)
After few steps (3.12) becomes:
ige 21 & T, )
[dc_|_\/;@7:: s (Teqm@:—i—Qe 5;”) (Mg, + mq) (3.13)

Now, 05 can be replaced using the V/f ratio from (2.51). This ratio is linear and the small signal

model is therefore easily obtained:

By = (3.14)

Wn

Putting (3.14) into (3.13) and isolating ig4. then gives:

.21 (QV Tom  TY, o gV
= —= M, — 3.15
e = —5 (ans a + v (Mg, + M) Oe oV, e (3.15)
Calculating terms:
o 21 Qevn Tem ~ QeVn Tem N T T A oA Idcvn ~
="_ | M 7 M, -3 —=n — 3.16
ldc TP aans @S We w”‘/s 735 MaeWe + Mg V; We + Vs maeWe WnVs We ( )
——
1st order 2nd order 1st order 2nd order 1st order

Now, (3.16) has been split up into 1st order and 2nd order AC terms. The 1st order AC terms
are linear but the 2nd order AC terms contain products of time-varying AC quantities and are
thereby nonlinear. Provided that the AC varying quantities are small, the 2nd order AC terms can
be neglected, [2]. Then, (3.16) reduces to the desired relationship between iq4. and @,::

A gMa QeVn TAem zMa Teqm . Ichn we (317)
T P w,Vs U T P Vg wn Vs
————

Constant SCIM Constant

lde =
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But the term 7,,,/?s involves the SCIM, which has yet to be evaluated. Inserting (3.17) into
(3.3) would give a product of two transfer functions, G; and Tem /Vs. So two systems are involved,
the converter and the SCIM. This can be simplified considerably by comparing the poles of the
two systems. Knowing that if a system contains poles that are insignificant compared to the more
dominant system, the dynamics of the system can be ignored. The insignificant system can conse-
quently be replaced by a gain. A diagram showing position of dominant and insignificant poles in
the s-plane are shown in fig. 3.3. As a rule of thumb, in order to disregard the insignificant poles
the ratio b/a needs to be 5 or larger, [22].

Insignificant Dominating Unstable
poles poles region

\

Figure 3.3: Diagram showing locations of dominating and insignificant poles.

If the converter is dominant the dynamics of the SCIM can be ignored and Tem /s can be
replaced by a constant TZ  /V; in (3.17). But if the SCIM is more dominant, the converter has little
effect in this term. It can therefore be omitted where all instability behavior is determined by the
SCIM which is beyond the scope of this project where the focus is on instability caused by the
converter.

But in order to check which system is more dominant the SCIM needs to be linearized to see
the pole locations.

Linearized model of SCIM

A linearized small signal model of the SCIM using the I'-model in the dqO-synchronous reference
frame is shown in (3.18), [16].

Uds rs+sLs —wels sLg —weLs 0 ids
Ugs welLy rs+ sLg welLs sLg 0 %qs
@dr == SLs _wles Ty + SL’!’ _wler Lqus + LTIqT %dr (318)
lzq?" wsiLs sLsg wsi Ly rr+ 8Ly —Lslgs — Lylgy %qr
17, _Lqur L1y, Lqus —Lglys sJ Wy

where wg = we — w;y is the slip speed and Iys, Iys, lar, 14 are the desired operating point and are
found by simulation.

As described in [16], it is convenient to divide the derivative and non-derivative terms into two
matrices:
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L, 0 Ls 0 O
0 Ls 0 Ly O
E=|L, 0 L. 0 0 (3.19)
0 Ls 0O L, O
0O 0 0 0 —J
Ts _WeLs 0 _weLs 0
weLs Ts welLg 0 0
F=-— 0 —wgls 1 —wgly Lglys+ Lply, (3.20)
weLs 0 wsi L Ty —Lslgs — Lyl
_Lqur LsIdr Lqus _LsIds 0
So the the matrix equation takes the form:
u=(sE-F)x (3.21)
where
~ ~ ~ ~ = T o) ) o o ~ T
u= [Uds Ugs Vdr Vgr TL} X = {Ms igs tdr tqr wr} (3.22)
and a linear differential equation of the SCIM can be directly obtained from (3.21), [16]:
sx =E 'Fx+E 'u (3.23)

For the SCIM it is desired to obtaine a linear relationship between the peak value of the stator
voltage vs and the produced electromagnetic torque T,,. This gives the variation in T¢,, for a
disturbance in vs.

In general control theory while examining one disturbance all other disturbances can be put to
zero. Therefore all inputs except for vgs and vgs are put to zero in the input vector u:

U = [vgs vgs 000 0" (3.24)

Now, the stator voltage in the synchronous dg-reference frame has to be transformed to the
peak value of the stator voltage in the abe-reference frame using (3.25) and (3.26), [16]:

vgs = Vs cos(f — 0.) (3.25)
Vgs = —Ussin(d — 6e) (3.26)

where 0 is the angle of the dqO-reference frame and 6, is the angle of the input voltage.

In the synchronous reference frame, 6 is rotating at synchronous speed which is determined by
the input voltage with angle 6.. 8 and 6. are therefore travelling at the same speed which makes
the difference between them a constant. This constant depends only on the initial position of the
reference frame which can be chosen arbitarily. Here, the d-axis is chosen to be aligned with the
a-axis, therefore § — 0, = 0:

Vgs = Vg cos 0 (3.27)

Vgs = —Ugsin0 (3.28)

Assuming that the voltage changes only in magnitude but not in phase, ensuring 6. — 0 =
constant, (3.27) and (3.28) are linear and the small signal model can be obtained directly:

Ugs = Vs cos 0 (3.29)
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Ugs = —0s5in 0 (3.30)
The voltage vector u can then be expressed as:
u = G, (3.31)

where
G =[cos0 —sin0 000" =[10000]" (3.32)

Now, an expression similiar to (3.23) has to be found for T,,,. The electromagnetic torque is
commonly expressed using the I'model as shown in (2.43), rewritten here for convenience:

3 . ..
Tem = §PLS (quzdr - stlqr) (333)

Linearizing (3.33) gives:

- 3 - A 4 A
Tem = ipLs (Iqszdr + Idrlqs - Idslqr - Iqﬂds) (3'34)

which can be expressed in matrix form as:
y =Cx (3.35)
where y = [Tom] and C = [= I, I Ips — Iys 0).

Now, two sets of linear equations with two input vectors have been obtained:

sx =E 'Fx+E'u (3.36)
y =Cx (3.37)
Solving for x gives:
-1
y=C(sI-E"'F) E'u (3.38)

Thus a linear relationship is obtained between y and u. The desired transfer function is then:

~
Tem
A~

Us

-1
=C <sI - E’lF) E! (3.39)
where the poles of Tem/ﬁs are the eigenvalues of E~'F, [16].

Finalizing the transfer functions

Fig.s 3.4 and 3.5 show the poles of the two systems, T em/Us and Gy, for two different grid induc-
tances, Ly, = 0.1 mH and L, = 1 mH. Pole values are shown in table 3.1. As expected, where
the SCIM contains also mechanical dynamics, the converter is a much faster system. The dynamics
of the converter can therefore be ignored when the SCIM is involved and the term involving both
Tom /Us and G,; is omitted in the stability analysis of the converter.

The small signal model from (3.3) can then be written in the form:

: (3.40)

e = 20, + sCRy +1°°

1 (2 M, Tg, Ichn) sLy + R,

PO +sCRy+17 " \7x P Vi  wVi
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8000 T T T T T 2500

x L
6000} B 2000

1500
4000 -
1000

2000 00k

of-|converter poles x x L

g 2000 1 g ~5001 1
—4000 [~ ~ooor 1
-1500 -
—6000 [~ % . . ] —2000
780—0??000 —25‘00 —2(;00 —15|‘00 —1600 —560 0 7259200 —3‘50 —360 —2‘50 —2;00 —1;')0 —160 —5‘0 0
Real axis Real axis
Figure 3.4: Poles of converter and SCIM with Figure 3.5: Poles of converter and SCIM with
L,=0.1mH. Ly=1mH.
Pole locations
Ly,=0.1mH Ly=1mH
Converter SCIM Converter SCIM
—114.66 £ 7110.87 —114.66 £+ 7110.87
—2575 4+ j6585.5 | —23.85 + 567.84 | —325 £ 52212.3 | —23.85+ j67.84
—71.014 —71.01

Table 3.1: Converter and SCIM poles.

where the term involving the SCIM has been omitted.

The input-to-output and control-to-output transfer functions, Gy4(s) and Gyq(s), can now be
obtained:

B 1
G = |3 = 3.41
o(s) <vg )wezo S2CL, + sCR) + 1 (341)
Gua(s) = <®d6> = (QMT“?” - Idcv”) Lo+ By (3.42)
’ Ge)ogm0 T P Vi wnV,) s?CLi +sCRy +1

K’vd

where K,4 denotes a gain related to the operating point of the system.

3.2 Stability analysis

In previous section a linear system model was derived and two transfer functions were obtained.
In this section, the obtained transfer functions are used to analyse stability margins of the system
for different DC link capacitances with and without sampling delay. It will be shown that delay
affects the system considerably, but to understand the influence of a delay the ideal system without
a delay is considered first. Finally, the stability is examined for larger grid side inductance. The
variables used for the analysis are shown in table 3.2.
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Parameters

Mains resistance R, 0.5 Q
Mains inductance Ly | 0.1 mH and 1 mH
DC link capacitance | C' | 500 uF and 5 uF'

Table 3.2: Model parameters.

System without delay

In general, the closed loop system is determined by a plant G(s) and a feedback loop H(s) using
the following relationship, [22]:

G(s)

T = TG aw)

(3.43)

The ideal system has a unity feedback loop, H = 1. Plotting the poles of G4 from (3.41) for
different values of C' shows that the converter never becomes unstable for different values of C, fig.
3.6. C only affects the damping of the system which increases as C increases.

4

x 10
8
X « C=100 nF
6[ 4
4t 4
2 X« C=1pF 4
0 x « C=100 uF
X « C=100 uF
-2 X & C=10F 1
_4 - -
_6 - -
X « C=100 nF
_8 1
-350 -300 -250

Figure 3.6: Converter poles for different values of C.

When analysing G4 from (3.42), K,4 has to be evaluated as well:

de

1 /2M I
(“Tq chn> (3.44)

T P " Wy,

The relationship between K,; and T, is plotted for the desired operating range, T¢,, =
[0,20] Nm and n = [0, 1430] rpm, using results from simulation, fig. 3.7.

The relationship is linear and always positive except when T¢,, is very close to zero. It is
assumed that the load is at least large enough for K4 to be always positive. The stability of Gq(s)
is therefore only evaluated for positive K,q.
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o
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Figure 3.7: K,q as a function Tep,.

Two root locus diagrams are plotted to show the effect of C' on K,4, fig.s 3.8 and 3.9. The
value of C has large influence on the damping of the system but the real parts of the poles are
unchanged and therefore the stability of the system is not affected. It can be concluded that the
DC link capacitor does not affect stability in the ideal system.

Root Locus Root Locus

Imaginary Axis
o

Imaginary Axis

X
] 1 \\
777 ° - - Rea\’ixis N N ’ % 10'71 777 ° - - Real?\st N o ‘ X 10'}
Figure 3.8: Root locus of G,q with C' = 500 pF Figure 3.9: Root locus of Gyq with C =5 pF
and Ly = 0.1 mH. and Ly = 0.1 mH.

System with delay

But now a sampling delay is included in the feedback loop. The transfer function for a sampling
delay and the value of T; were explained in section 2.2.

1= (Tys/2) + (Tys)?/12
1+ (Tys/2) + (Tys)2/12

H(s) (3.45)

The sampling delay was found to be Ty = 5-10~* sec.
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The system transfer functions are then:

) Td 1
H($)Guy(5) = RN A
CLytist 4 (CL’ L4 CR! 4d> (cy +CR T+ 48) +(CRy +4) s +1
(3.46)
0 sy (R'g48 —L’ggd> +(Ly - Ry %) s + Ry
H(s)Gyy(s) =

cLy st 4 (CL’ Ly CR, 48> (CL’ +CR T 4 48) +(CRy + %) s +1

(3.47)
Fig.s 3.10 and 3.11 show the pole-zero plots of HG 4. As before C has influence on the damping
of the system but does not affect stability.

B Pole-Zero Map . Pole-Zero Map
x 10 x 10
4 4
3t 3 X
2F 2
$ g i
2 . g
% 0 x ><>< O ] % 0 X X (@] O
< o
E E
1 -1
2 -2
-3t -3 «
4 -4
-5 -4 -2 1 0 1 2 3 4 5 -5 4 -3 2 -1 0 1 2 4 5
Real Axis x10* Real Axis x 10
Figure 3.10: Pole-zero plot of HG,, with C = Figure 3.11: Pole-zero plot of HG,4 with C =5 pF
500 uF and Ly = 0.1 mH. and Ly = 0.1 mH.

The root-locus diagrams of HG 4 in fig.s 3.12 and 3.13 show that both systems become unstable
when K, reaches certain value.

Root Locus Root Locus

0.8
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N
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Figure 3.12: Root locus of HG,q with C = Figure 3.13: Root locus of HGyq with C =5 puF
500 uF and Ly = 0.1 mH. and Ly = 0.1 mH.

But closer look on the root locus diagrams show that the system is marginally stable when
Kyqg = 1.92 for C = 500 pF and when K,q; = 0.0468 for C = 5 pF, fig.s 3.14 and 3.15. It is
experienced that much higher K, is needed to drive the system towards instability for a larger C.
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But it is also noticed by examining the range of K4 within the operating range from fig. 3.7, that
the unstable region is outside the desired operating range for both C' = 500 puF and C' = 5 uF.
Therefore no unstable conditions in the converter should be encountered within the operating range
for these parameters.

Root Locus Root Locus

4700 T T T T T T T T T 28

4690
. System: sys
4680 - B S Gain: 0.0468
et Pole: 0.278 + 2.79e+004i
ystem: 5ys Damping: ~9.98e-006
4670 i 4
) Salm' 3 3953 +4.64e+003i 279 Overshoot (%): 100
4660 el Frequency (rad/sec): 2.79e+004
r amping: ~7.16e~
Overshoot (%): 100
4650 Frequency (rad/sec): 4.64¢+003

Imaginary Axis
Imaginary Axis

4640 -

4630 -

4620 [~

4610 [~

4600 . . . . i . . . . . . . . i . . . .
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Figure 3.14: Zoom on root locus of HG,q with Figure 3.15: Zoom on root locus of HG,q with
C =500 pF and Ly = 0.1 mH. C=5puF and Ly =0.1 mH.

Increasing the grid side inductance

If the grid side inductance is increased to Ly = 1 mH, the poles move closer to the origin, fig.s 3.16
and 3.17.

Root Locus ) Root Locus

0.6 1 1t {\\
04l N 4 \
[ \ g T ‘\
< 02 | ; \‘
g 0 xoe—“—e % 0 xoo—‘—o
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y /
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12 10 8 6 :ea‘ i 2 0 2 4 ) 1016 - -12 10 8 6 éeal e 2 0 2 4 y 6
Figure 3.16: Root locus of HG,q with C = Figure 3.17: Root locus of HG,q with C' =5 puF
500 pF and Ly =1 mH. and Ly =1 mH.

For C = 500 pF the system is still always stable within the operating range where the system
is marginally stable for K,q; = 1.74, fig. 3.18. But for C' = 5 pF the system is marginally stable
for K,q = 0.00338 which is unstable within large area of the operating range, fig. 3.19. In fact,
the system always becomes unstable within the operating range even when unloaded. This will be
examined with simulation in section 3.4. The unstable condition occurs because whenever the SCIM
goes from standstill to some certain speed the electromagnetic torque increases which increases the
gain K4 and pushes the poles to the right half plane. Despite the fact that the torque settles rather
quickly to value very close to zero it is enough to cause highly unstable fluctuations in the DC link
voltage where the converter is a much faster system than the SCIM.
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Figure 3.19: Zoom on root locus of HG,q with
C=5uF and Ly =1mH.

Figure 3.18: Zoom on root locus of HG,q with
C =500 pF and Ly =1 mH.

3.3 Dimensioning the DC link capacitor

As explained in last section the stability of the system is not affected by the DC link capacitor given
that the system is operated within the desired operating range, . But still there are requirements
for dimensioning the capacitor.

The natural frequency and damping factor of Gy and G4, from (3.41) and (3.42) are:
1 _ 1R
/ L;} C 2wy, qu

where L, = 2L, Ly being the grid side inductance.

_fB O
2\ L,

(3.48)

Wnp =

The DC link voltage generated by the three phase diode rectifier may contain DC and even
triplen harmonics, 6wy, 12wy, 18wy,..., [2]. The capacitor should therefore be selected to not res-
onate with these harmonics and especially with 6w,. This defines the upper margin of the DC link

capacitor:
1

C< 5
(6wg)2L’g

(3.49)

Here, L; is not known exactly and has to be estimated. If the grid side inductance L, is estimated
to be between 1 mH and 0.1 mH, that is 0.2- 1073 < L; < 2-1073, then the lowest upper margin
of the capacitor for a grid side frequency wy = 27 - 50 rad/s, is:

Crae = 140 pF (3.50)

For the lower margin, the capacitor should be large enough in order not to resonate with the
switching harmonics, which would allow switching harmonics to propagate to the grid side, [5]. This
defines the lower margin of the DC link capacitor:

1

C> 7

(3.51)

The lower limit depends on the switching frequency and can therefore be chosen to some extent.
The frequency converter received from Danfoss included a DC link capacitance of C' =5 puF'. The
highest resonance frequency is then f..s = 5 kHz. It is therefore necessary to select the switching
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frequency so that it does not create switching harmonics in the vicinity of fes.

According to [1], the switching harmonics are determined by the modulation frequency, defined as:

_ o
i

mg (3.52)

f1 being the fundamental frequency of the inverter output voltage.

Theoretically, the voltage harmonics should occur at multiples of my or as sidebands of lower
amplitude, centered at multiples of m:

fh:(lmfik)flzlfswikfl (3.53)

where [ defines the multiple of my and £ the sideband.
So the switching harmonics normally occur at the switching frequency and at sidebands located
at frequencies £k f; from the switching frequency.

If the switching frequency is selected as fs, = 6 kHz then the switching harmonics will oc-
cur at frequencies much higher than f..s or be of such a low magnitude that they cause negli-
able effect. For a DC link capacitance of C' = 5 pF and a grid side inductance in the range of
0.1-107% < L, < 1-1073, the switching frequency is selected to be fg, = 6 kHz.

This will give damping in the range of 0.03 < & < 0.1 so large fluctuations in the DC link
voltage are expected.

3.4 Simulations

Having determined the size of the DC link capacitor and the switching frequency, the system
is simulated to see the intensity of the fluctuations in the DC link. The system is simulated in
Matlab/Simulink 7.4.0 (R2007a) with the frequency converter and SCIM modeled using PLECS
v2.0.2.

(W

Nyef ——————t V/f control -
em

—

Space vector Gabe | PLECS
modulation circuit =i
Ve > i
> Ve
Sample
delay

Figure 3.20: System model.
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A block diagram of the simulation setup is shown in fig. 3.20. The SVM has the DC link voltage
as input and therefore one sample delay occurs of Ty = 0.5 ms as shown in fig. 3.20. The simulation
is performed in continuous time.

Description of notations used during the simulations are shown in fig. 3.21.

. |

Vdc T C :11

Grid Grid side DC link Motor side Motor Load machine
rectifier inverter

Figure 3.21: Diagram to explain notation for different measurements.

Four cases are studied. The first and second cases compare the frequency converter considered
in the project and the frequency converter used in the implementation for both impractical and
practial conditions. The converter used in the implementation was obtained from Danfoss and is a
modified version of one of their drives with small DC link capacitor. The configuration used in the
Danfoss VLT drive is shown in fig. 3.22 where the conventional DC link capacitor is in parallel with
a diode in series with another capacitor. The conventional DC link capacitor is a series connection of
two 10 pF' capacitors to withstand higher voltage. The extra capacitors are two 150 puF' electrolytic
capacitors in series.

——10 uF

:|:150 uF :t1
——10F 150 pF

i 1 B

Figure 3.22: DC link configuration of Danfoss VLT.

Case 1 will look at instability in the SCIM and compare the results for the converters used in
the project and the Danfoss drive. The simulations in Case 1 are performed first for a constant
speed n,,/2 and no load. Then a load step is applied from no load to T, /2 at speed n,,/2.

Case 2 will compare the drive configurations for more practical situation and show how the
Danfoss drive allows higher degree of dynamics in the system. The simulations in Case 2 are
performed first for a step in speed from n,, /2 to n, at T,,/2 load and then for a load step from T, /2
to T,, at n, speed.

Case 3 attempts to make the system unstable by applying a load step outside the operating
range that should give an unstable condition according to the stability analysis.

Case 4 attempts to make the system unstable by increasing L, which should create an unstable
condition according to stability analysis.

The parameters generally used in the simulations are shown in table 3.3.
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Parameters

Mains input voltage Vi 23012 Vpeak
Mains resistance R, 0.5 Q
Mains inductance L, 0.1 mH
DC link capacitance C 5 ukF
Stator resistance Ts 1.79 Q
Stator leakage inductance | L 7T mH
Mutual inductance L., 0.158 H
Rotor resistance T 1.8 Q)
Rotor leakage inductance | L, 0.0144 H
Pole pairs P 2
Motor shaft inertia J 9.57 mNm?
Sample delay T, 0.5 ms
Switching frequency fsw 6 kHz

Motor nameplate
Nominal power P, 3.0 kW
Nominal phase voltage Vi | 380/v/3 Vi
Nominal current I, 6.9 Arps
Nominal frequency fn 50 Hz
Nominal power factor PF 0.77
Nominal speed N, 1430 rpm
Nominal torque Th 20 Nm

Table 3.3: Model parameters.

Case la: Frequency converter in project - Impractical condition

At no-load, an instability in the SCIM is encountered. Very high fluctuations are experienced in vy,
that reach values up to 2 kV. The high oscillations in vg4. are caused by i4. that changes erratically

from positive to negative values.
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Figure 3.23: DC link voltage at n,,/2 speed and

no load.
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Figure 3.24: DC link current at n,/2 speed and no

load.

Looking at the stator current g, in fig. 3.25 it can be seen that the SCIM does not have a fixed
amplitude which is referred to as an unstable condition where the system suffers from sustained
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oscilliations, [23]. This situation is addressed as being often experienced in a lightly loaded V/Hz
PWM controlled induction motors, [23] [24] [25]. This instability was not predicted by the stability
analysis and could be related to the term that was omitted in the linearized model where it was
dominated by the SCIM. In [24] this unstable behavior is blamed on the stator resistance and is
therefore caused by the SCIM which was not part of the stability analysis.

Cumrent [A]
w
e}
P o

, . \ ,
Q.5 0.6 0.7 0.8 09 1
Time [5]

Figure 3.25: Stator current at n,/2 speed and no load.

The sustained oscilliations can well be seen in fig.s 3.26 and 3.27 where the rotor speed n,, and
the electromagnetic torque T, oscilliate heavily in steady state.

e50

Motor speed
— — — Speed reference

o
=]
=]

Speed [rpm]
[+ =l =l oo +1]
o (=] o [=1 (52
(=] (=] (=] (=] (=]
T T T

Electromagnetic torque [Nm]

@
=
=]

550 . . . . . . . 1
05 05 0.7 08 0.8 1 05 0.6 0.7 0e 0.9 1
Time[s] Time [=]

Figure 3.26: Rotor speed at n, /2 speed and no Figure 3.27: Electromagnetic torque at n,/2 speed
load. and no load.
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But as soon as a load step is applied the oscilliations are damped and the SCIM becomes stable.
The oscilliations in vg4. decrease to expected variations for a given small DC link capacitor, fig. 3.28.
Looking closer at vg., around 3 periods can be seen during time At = 5-10~* s which shows that
v4e contains harmonics caused by the switching frequency, fig. 3.29.
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Figure 3.28: DC link voltage after load step at
N, speed.
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Figure 3.29: Zoom on DC link voltage after load step
at n, /2 speed.

Fig.s 3.30 and 3.31 show that the currents now have fixed amplitude after the load step has
been applied. This is described as a stable condition for the SCIM in [23].
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Figure 3.30: DC link current for load step at

Figure 3.31: Stator current for load step at mg,/2
nn/2 speed.

speed.
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And from fig.s 3.32 and 3.33 it can be seen that the system stabilizes with the load step as the
fluctuations in n,, and T, decrease after the load step is applied.
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Figure 3.32: Rotor speed for load step at n,/2 Figure 3.33: Electromagnetic torque for load step at
speed. nn/2 speed.

Case 1b: Frequency converter from Danfoss - Impractical condition

Now using the same conditions for the Danfoss drive, vg. is clamped by the extra capacitor bank.
But as the charge increases over the extra capacitor bank, the voltage increases, fig. 3.34. 74, also
increases as the extra capacitor bank charges, fig. 3.35. The configuration can therefore not limit
the sustained voltage fluctuations over a long time, it rather works as a safety which slowly breaks.

1800 T T T T 15

1600 10
1400 1 5
= 1200 % o
& 5
< 1000} 3 -5
800 -10
600 -15
400 . . . s _on s . s .
05 08 0.7 08 09 1 05 08 0.7 08 0.9 1
Time[s] Time [&]

Figure 3.34: Danfoss drive. DC link voltage at Figure 3.35: Danfoss drive. DC link current at n, /2
np/2 with no load. with no load.

The exact same instability behavior in i, is experienced as in Case 1 and it can also be seen
how the fluctuations in n,, and T, are highly linked to v4. where they increase as the fluctuations
in vg. increases, fig.s 3.36 and 3.37.
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Figure 3.36: Danfoss drive. Rotor speed at n,, /2 Figure 3.37: Danfoss drive. Electromagnetic torque
with no load. at n, /2 with no load.

But as a load step is applied the same situation as in Case 1a is experienced. The SCIM becomes
stable and the oscillations decrease. But the ripples in vg4. are still considerable because of the small
DC link capacitor, fig. 3.38. The DC link configuration of the Danfoss drive can only help if large
oscillations in v4. are experienced over a short period. Else the same situation is experienced as in
Case 1a.
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Figure 3.38: Danfoss drive. DC link voltage at Figure 3.39: Danfoss drive. DC link current at n, /2
ny/2 with T,,/2 load. with T, /2 load.

Case 2a: Frequency converter in project - Practical condition

This case aimes at a more practical condition where simulations are performed for a stable SCIM.
At the time of speed change a large overvoltage is observed in vg,, fig. 3.40. This is due to the small
DC link capacitor that does not provide enough damping of the voltage. For this kind of overvoltage
the inverter would normally trip so care has to be taken in implementation to not apply quick speed
changes. Closer look on vg. shows that it contains both harmonics due to the diode rectifier and
switching harmonics, fig. 3.41.
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Figure 3.41: Zoom on DC' link voltage after speed
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The large overvoltage in vy, is caused by large fluctuations in i4., fig. 3.42, and consequently in
ig, 3.43, which are affected by the large fluctuations in T¢,, due to the speed step, 3.45.
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Applying a load step does not affect vg. and i4. in the same way as a speed step. No large
overvoltages or overcurrents are experienced in vg. and iq4., fig.s 3.46 and 3.48. Looking closer on
v4e shows that the amplitude of switching harmonics are increased because a larger current is being
switched by the inverter, fig. 3.47.
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Figure 3.46: DC link voltage for load step at n, Figure 3.47: Zoom on DC link voltage after load step.
speed.

The transition to a higher load is rather smooth and does not cause large overshoot in T,
compared to the overshoot experienced for a speed step.
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Figure 3.48: DC link current for load step at n, Figure 3.49: Stator current for load step at n,, speed.
speed.

49



3.4. SIMULATIONS

1440

1420

1400

1380

13860

Speed [rpm)]

1340

1320

1300
0g

Time[s]

Figure 3.50: Rotor speed for load step at my,

speed.

Case 2b: Frequency converter from Danfoss - Practical condition

Electromagnetic torque [Nm]

r
[+

]
B
T

ra
]
T

o
=]
T

o
o
T

o
W
T

e
s
T

=
mn
T

i
o

@

T TR T T T TR A

|| II. Al

0.e

Time [=]

Figure 3.51: Electromagnetic torque for load step at

ny, speed.

For a stable SCIM the extra capacitor bank provides extra damping as seen from fig. 3.52, where the
fluctuations in wvg. are not as dramatic as in Case 2a. This DC link configuration should therefore
allow larger changes in speed compared to the configuration used in Case 2a. Looking closer at vg,
the DC link configuration does not seem to offer more filtering of switching harmonics than the

configuration in Case 1, fig. 3.53.
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Figure 3.52: Danfoss drive. DC link voltage for
speed step at T,, /2 load.

Figure 3.53: Danfoss drive. Zoom on DC link voltage
after speed step.
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But ig4. still jumps to a similar value as in Case 2a where the extra capacitor bank only affects
Vde, fig. 3.54. And the overshoot in T.,, also occurs with the Danfoss drive, fig. 3.55.

Current [A]
Electromagnetic torque [Nm]

Time [s] . Time [s]

Figure 3.54: Danfoss drive. DC link current for Figure 3.55: Danfoss drive. Electromagnetic torque
speed step at T, /2 load. for speed step at T, /2 load.

The load step gives similar results as in Case 2a as the load step did not induce large fluctuations
n vge.

Case 3: Attempt to create an unstable condition with load step

As was shown in fig. 3.7, the value of K4 is directly proportional to the electromagnetic torque
Tep. If the stability analysis holds, an unstable condition could be created by applying a load step
large enough. This load step is outside the operating range of the system but can nevertheless be
applied in simulation.

The load step applied is T;, = 45 Nm at rated speed n,,. This gives K,4; = 0.067 which should
give an unstable condition according to stability analysis in section 3.2.

But after the load step is applied at ¢ = 0.5 sec. the system is still stable as seen from vg. in
fig. 3.56. Due to the load step, i4. increases, fig. 3.57. n,, decreases as the open loop V/f control
does not compensate for the added load torque, fig.s 3.58 and 3.59.
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Figure 3.56: DC link voltage for estimated un- Figure 3.57: DC link current for estimated un-
stable load step. stable load step.

The reason for this could be because of additional damping which is present in the nonlinear
system and not included in the linearized model.
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Case 4: Unstable condition for increased L,

As was shown in section 3.2 the system is unstable if the grid side inductance is increased to
Ly =1 mH. Running simulation with no load and rated speed results in increasing fluctuations in
v4. which is definately unstable for these condtions, fig. 3.60. This finally produces an error in the
simulation when vy, tries to go negative.
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Figure 3.60: Unstable DC link voltage for Ly =1 mH.

As was mentioned in the section 3.2, only a little T, is needed to make the system unstable
and as T¢,, starts to increase, the grid side current 74, starts fluctuating in an uncontrolled fashion,
fig.s 3.61 and 3.62.

It can be concluded that the system is unstable for these operating conditions as was predicted
by the stability analysis.
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Figure 3.61: Electromagnetic torque for unstable Figure 3.62: Grid side current for unstable con-
condition. dition.

3.5 Summary

Stability analysis of the system were performed in this chapter and stability margins obtained for
different parameters. This involved linearization of the system and derivation of small signal models
to obtain the system transfer functions. The stability of the SCIM was not the focus of this project
and the corresponding term was therefore omitted.

It was shown that the system stability was affected by the DC link capacitor if a sampling
delay was included in the linearized model. The system was stable within the operating range for
the analysed capacitor sizes but a load step outside the operating range should give an unstable
condition according to the stability analysis. This was disproven by simulation which could be
because the nonlinear model contains some dampings that are not included in the linearized model.

It was also shown that the grid side parameters have large effect on system stability. The system
was unstable for a DC link capacitor of 5 uF' and a grid side inductance of 1 mH. This instability
behavior was then tested and proven by simulation.
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Chapter 4

Implementation

Description of test setup and technical information relevant for the implementation are provided in
this chapter along with experimental results.

4.1 Test setup

To observe the problems arising because of the small DC link capacitor the system is implemented on
a test bench. This requires a digital signal controller (DSC) to control the frequency converter using
the DC link voltage as feedback. Speed reference and DC link voltage are the only variables needed
to control the SCIM employing V/f control and space vector modulation. Following subsections
give a small description of the components used in the test setup.

DSC

The DSC consist of a digital signal processor (DSP) and a great deal of microcontrollers that work
together creating a low-cost and powerful solution for many embedded applications.

The DSC used in the project is the TMS320F2812 from Texas Instruments. It provides a high
operating clock frequency of 150 MHz, 32-bit processing capabilities and a comfortable floating
to fixed-point conversion through the IQQ Math library which also includes dozens of arithmetic,
trigonometric and numberical conversion functions, [26].

During the experimental testing, two important capabilities of the DSC are used, PWM gener-
ation and ADC conversion.

The PWM generation occurs through the use of general-purpose timers and full-compare units
which are part of the event-manager modules on the DSC, [27]. There is also a possiblity for pro-
gramming a deadband but it is not used where it is integrated into the Danfoss VLT. The switching
frequency used is fs, =6 kHz.

The analog-to-digital conversion occurs through a 12-bit pipelined analog-to-digital converter
(ADC) module. The main analog ciruits in the ADC module are the front-end analog multiplexers,
sample and hold circuits and the conversion core. The ADC module consists of two independent 8
channel modules which can be cascaded to form a 16 channel module. Each 8 channel module has
its sperate analog multiplexer and sample and hold circuit but only one converter core is present
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which serves both modules, [28].

An interface board is attached on top of the DSC to give analog input ports and LED PWM
output ports. Picture of the DSC and the attached interface board is shown in fig. 4.1.

Figure 4.1: DSC with interface board on top.

To improve accuracy of the analog-to-digital conversion, the ADC modules are calibrated using
the method described in [29]. The gain and offset errors can be described by:

y=x-mg+b (4.1)

where x is the desired output count (count = voltage -4095/3.0V') and y is the actual output which
is distorted by a gain and offset errors, m, and b. These values can be found using:

mg = 9L (4.2)
TH — XL
b=y —xp Mg (4.3)

where x and xj, are known references for high and low inputs and yy and yy, are the corresponding
outputs from the ADC. The desired output can then be calculated by writing (4.1) in the form:

g Y0 (4.4)

Meg Mg

Code generation for DSP

Simulink models can be compiled straight to C code specially enhanced for TMS320F2812 by using
Real-Time workshop and the Target for TI C2000 library in Matlab/Simulink. The Target for TI
C2000 library provides a variety of blocks for Simulink which allow the user to exploit all features
of the DSC. Real-Time workshop then builds a Code Composer Studio project where the code can
be uploaded to the DSP and specfic variables of the model can be controlled.

Using this feature decreases considerably the time from simulation to implementation but has
the drawback that the student will not be aware of all the technical details taking place inside the
DSP.

Normally, before being able to build the C code, the Simulink model has to be discretized. But
where no continuous states are present in the open loop V/f control and space vector modulation,
this step can mostly be skipped. But one filter is needed to limit the change in reference speed.
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A quick change in speed generates large overvoltages and overcurrents due to the small DC link
capacitor, this can cause the frequency converter to trip. The filter is a 1st order with cutoff
frequency fer = 0.1 Hz. This filter is discretized using the trapezoidal method, [30]:

1 1
s 4 - ° T (4.5)
oo T 1 g2 o1 19100z — 19098

T Ts z+1

where Ty is the sampling period, Ts = (6 - 103)~! sec.

A screenshot of the Simulink model to be compiled to the DSP is shown in fig. 4.2. A rate
transition is needed because there is a difference in clock frequency between the ”Vdc” signal
and the SVM function. The ”"Vdc” signal is at clock frequency equal to the sampling frequency,
fs = 6 kHz while the SVM function is working at the DSP clock frequency, 150 M Hz. Buffers
are needed to view the signals graphically in Code Composer Studio. The variables ”dutyl” and
"n_ref” are then the corresponding memory addresses to the data.
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Figure 4.2: Screenshot of Simulink model for DSP.

SCIM

The motor in the test setup is a three phase squirrel cage induction motor from ABB motors. It
has a rated input voltage of 380 V,.,,,s and maximum voltage of 420 V,..,,s when Y-connected. Rated
current is 6.9 A,,,s and rated power 3 kW. Picture of the SCIM and the load machine is shown in
fig. 4.3. Motor nameplate can be seen in appendix C.
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Figure 4.3: Load machine (left) and SCIM (right) in the test setup.

Load machine

The load machine is a 3.3 kW DC motor (DCM) from Thrige-Titan A/s. It has seperately excited
field windings with nominal field current of iy = 0.7 A. Nameplate of motor can be viewed in
appendix C.

In order to load the SCIM with the DCM the armature windings of the DCM have to be
connected to a variable resistance while feeding the field windings with the nominal field current.
Holding the field current constant ensures a constant direct axis field ®4 and the electromechanical
torque of the DCM T}, is only controlled by the armature current i4, as shown in (4.6), [31].

Tdc = Kaq)diarm (4.6)

where K, is a constant determined by the design of the motor.

From the data given on the DCM, it should generate a load torque of Ty, = 20 Nm for
tarm = 9.7 A while holding iy = 0.7 A. As 44y, is directly proportional to Ty. the load torque can
now be controlled with 4., by varying the variable resistance. Fig. 4.4 explains the installation of
the load machine.

A 4

Figure 4.4: Installation of load machine.

Danfoss VLT

The Danfoss frequency converter used in the test setup is a modified version of the 2.2kW FC-302
VLT. The modification is associated with the DC link configuration which has been changed to
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the one that was explained in fig. 3.22. The interface board attached to the VLT offers inputs for
external PWM waveforms and configuration of deadband. Deadband is set to 2 us. Picture of the
VLT with attached interface board is shown in fig. 4.5.

Figure 4.5: Danfoss VLT with attached interface board.

4.2 Experimental results

To show how a highly fluctuating feedback signal affects the systems steady state behavior, experi-
mental tests were performed for three cases of scaling factor for the SVM, DC link voltage feedback,
filtered DC link voltage feedback and no feedback where scaling factor was set as constant. In all
cases, open loop V/f control was used as a speed control strategy and SVM for modulation. Fig.
4.6 explains the three different cases by block diagrams. Screenshots of plots from oscilloscopes are
available in appendix B.

Vabc-ref ———m{ Reference voltages Vabc-ref ————m| Reference voltages Vabe-ref —————m| Reference voltages

SVM F—— danc SVM F—— danc SVM F—— danc
\ Vdc Vde

Scaling factor T Scaling factor Scaling factor
Discrete
ADC — ADC Constant

filter

Case 1: vq4. feedback Case 2: Filtered vy, feedback Case 3: Constant vy

Figure 4.6: Graphical explanation of different scaling factors for each case.

Case la: v, feedback - No load

Driving the SCIM with no load at rated speed, n,, = 1430 rpm results in relatively low stator current
as seen in fig. 4.8. The stator current has harmonics of 5th order that are caused by deadtime. The
DC link voltage is fluctuating because of the low DC link capacitance, fig. 4.7. The instability
behavior encountered in simulation in section 3.4 is not experienced in the implementation.
Looking closer on the DC link voltage, it can be seen that it contains both ripple caused by the
diode rectifier and ripple caused by switching harmonics, fig.s 4.9 and 4.10.
The rotor speed contains some high frequency ripples of low amplitude but is rather constant.

58



CHAPTER 4. IMPLEMENTATION

Woltage [V]

480

Gurrent [A]

460
0

! ! 1
0004 0.008 0.008 0.0

Time [s]

Figure 4.7: vy, feedback. DC' link voltage at no
load, rated speed.

@
a
=]

Yoltage [V]
3 .4 &
=] =] =]

o

=

=]
T

IS
@
=

I I I I
a 05 1 1.5 2 25 3 35
Time[s]

Figure 4.9: vy, feedback. Ripple caused by diode
rectifier at no load, rated speed.

1600

I
a 005

Figure 4.8: vg. feedback. Stator current

load, rated speed.

580

I
01 015 02
Time [=]

at no

575

o RICRrE R T LU B

Yoltage [V]
&
&

fta}
a
@

1.85 17
Time [s]

Figure 4.10: vy, feedback. Ripple caused by

switching harmonics at

1550

1500

1450

FRotor speed [rpm]

1400

1350 L ; L
0 0.005 0.01

0.015

0oz
Time [s]

0.025 0.03 0035 004

no load, rated speed.

Figure 4.11: vg. feedback. Rotor speed at no load, rated speed.

59



4.2. EXPERIMENTAL RESULTS

Case 1b: v, feedback - Full load

Loading the SCIM with rated load, 7;, = 20 Nm, increases the stator current as seen in fig. 4.13.
The DC link voltage now has switching harmonics of higher amplitude as higher current is being
switched by the inverter, fig. 4.12. This complies with simulations in section 3.4.

800 . - : r 15

L 00 13| AT TERRRRRRRELRY, | | | FERRRPPREE,

o
&
=]

:

Voltage [V]
o m
[T
= o

T T

Current [A]

N
o
=

IS
&
=]

5
|

1
0.002 0.004 0.008 0.008 0.01 Q 0.05 01 015 02

o]
Time[s] Time [s]
Figure 4.12: v,y feedback. DC link voltage at full Figure 4.13: vy, feedback. Stator current at full
load, rated speed. load, rated speed.

The rotor speed now contains very large ripples, fig. 4.14. Looking at a the rotor speed over a
larger period it can be seen that these ripples occur rather periodically, fig. 4.15.
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Figure 4.14: vy, feedback. Rotor speed at full Figure 4.15: vy, feedback. Rotor speed from a
load, rated speed. larger time frame at full load, rated speed.

Case 2: Filtered v,. feedback

As mentioned in Case la the DC link voltage contains ripples caused by the switching frequency
harmonics. In this case these harmonics are filtered with a 1st order filter with cut-off frequency
fe = 500 Hz before being used as a scaling factor for the SVM. The discretized form of the filter

1S:
1 3142z + 3142
(S 1) - 15142ZJr 8858 (4.7)
97500 T 1) 42221 z

Ts z+1
with Ty = (6 - 10%)7! sec.
This gives results similar to Case 1 which implies that the ripples in rotor speed are not caused
by the switching harmonics in the SVM scaling factor. The ripples are more likely caused by the
delay between the scaling factor used in the SVM and the actual DC link voltage.
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Figure 4.18: Filtered vy, feedback. Rotor speed at no load, rated speed.

@
&
=]

@
&
=]

o
&
=]

5

Yoltage [V]
8
=]

o
=1
=]

IS
o
=]

IS
&
=

5

Current [A]

L
0.004
Time [s]

Figure 4.19: Filtered vq. feedback. DC' link volt-

age at full load, rated speed.

I
0.006

L
01
Time [s]

005 015 0z

Figure 4.20: Filtered vq. feedback. Stator current
at full load, rated speed.

61



4.2. EXPERIMENTAL RESULTS

]

EL B - ey
P a [+ [+2]
o [l o [l
L=} [=} L=} (=]

Fotor speed [rpm

1750

1700

1650

1400

1350

1300
0

QiLv

0.05

I
0.1

Time [s]

Figure 4.21: Filtered vy, feedback. Rotor speed at full load, rated speed.

Case 3: Constant v, - Full load

The feedback is replaced by a constant which is the calculated average value of the DC link voltage,

[5]:

Vde(AVG) = 3V3Vin [

where V;,, = 380v/2 / V/3 is the peak of the grid side voltage.

This is actually similar to Case 2 where the constant can be thought of as a filter with even
lower passband than in Case 2 which rejects the harmonics caused by the diode rectifier. The results
are very similar to Cases 1 and 2.
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Figure 4.24: Constant vg.. Rotor speed at full load, rated speed.

4.3 Summary

This chapter included a description of each component in the test setup and covered important
technical details regarding the implementation followed by a section about experimental results.

Experiments were performed for different scaling factors for the SVM to see if that affected
the performance of the drive for different load torques. All cases gave similar results. The DC link
voltage contained larger harmonics for larger load due to switching of higher currents. The rotor
speed had large spikes at full load which was not encountered in simulations. It was also observed
that the stator currents suffered from 5th harmonic content which was caused by deadtime.
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Chapter 5

Conclusion

This project has analysed stability margin of a frequency converter equipped with a diode rectifer
and a small DC link capacitor. This topic is mainly of concern in low cost drives where a diode
rectifier and smaller DC link capacitor can decrease the cost of the drive considerably. A DC link
capacitor under certain size opens the possibilty for replacing the expensive, bulky and short living
electrolytic capacitor for a MPPT capacitor which is cheaper and has longer lifetime and lower
losses. But a small DC link capacitor does not provide a suitable filtering of the harmonics caused
by the diode rectifier, which results in a highly fluctuating DC link voltage. This introduces large
torque ripple and the drive becomes very sensitive for quick changes in speed where this creates
large DC link overvoltage and can cause the frequency converter to trip. These types of converters
can therefore only be used in low performance drives.

The first step in analysing the system was to build a model of all components of the system
for simulations in Matlab/Simulink 7.4.0 (R2007a). Models of every component were explained in
chapter 2 except for the diode rectifier and DC link models, which were obtained from supervisor.
Many attempts were made to build a satisfying diode rectifier model but as the project time was
limited the supervisor provided a model. With the complete model, a sensorless V /f control strategy
was simulated. It was found that it gave improved speed accuracy over the open loop V/f control
but introduced more ripples. Filters could be added to reduce the ripples which would in turn
reduce the dynamic capabilities of the drive. But where the drive is considered as low performance
this would not be of concern.

The frequency converter was then linearized in chapter 3 and three transfer functions were
obtained. One of these transfer functions was omitted because it was dominated by the SCIM
which was not of concern in this project. The linearized model of the frequency converter was then
formed by two inputs, the operating frequency of the motor and grid side input voltage, which
affected the output, the DC link voltage. This model was found to be always stable for the ideal
case where no delay was present in the system. But when a sampling delay was included, unstable
conditions were encountered but they were outside the operating range of the SCIM. Increasing
the grid side inductance affected the stability margin considerably and the system could be made
unstable for all operating conditions. An attempt was made to verify the stability margins of the
system by simulation in Matlab/Simulink. Now, PLECS v2.0.2 was used to model the frequency
converter and SCIM to speed up simulations and allow the DC link configuration of the Danfoss
frequency converter used in implentation to be simulated. The system could not be made unstable
by applying a load step outside the operating range which should create an unstable condition
according to the stability analysis. This could have been caused by additional damping that is
present in the nonlinear model but not included in the linearized model. The torque step could
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CHAPTER 5. CONCLUSION

not be increased much further where the SCIM could not maintain speed for much higher load
torques in the simulation. But an unstable condition could be simulated by increasing the grid side
inductance. This condition was preditcted by the stability analysis.

Chapter 4 of the report was devoted to implementation and experimental results. Components
of the test setup were described and technical details required for the implementation were covered
as well. The open loop V/f control and SVM were implemented on a DSP using Real-Time workshop
and Target for TT C2000 library in Matlab/Simulink. The SCIM was driven by a modified Danfoss
VLT with small DC link capacitor and an extra capacitor bank which worked as a short-term
overvoltage protection. A DCM was used as a load machine. Testings were made for different
scaling factors for the SVM and experimental results were obtained. The different scaling factors
did not have any visible effect on the performance of the system. The sensorless V/f control strategy
could not be implemented during the project period due to time constraints.
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Chapter 6

Future work

e Further evaluation of the effect of grid side parameters R, and L,.

Evaluation of the effect of the squirrel cage induction motor on stability by including the term
that was omitted from the stability analysis.

Implementation of sensorless V/f control.

Design of controller to compensate for the voltage fluctuations.
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APPENDIX A. SVM S-FUNCTION CODE

Appendix A

SVM S-function code

double va,vb,vc,v0,va_n,vb_n,vc_n;
double d1,d2,d3;

//Normalize reference voltages
va_n = va_ref[0]/(0.5%V_dc[0]);
vb_n = vb_ref[0]/(0.5%V_dc[0]);
vc_ref [0]/(0.5%V_dc[0]);

vc_n

//Find the absolute values
va=fabs(va_n);
vb=fabs(vb_n) ;
vc=fabs(vc_n);

//Find the lowest of va,vb,vc
//Zero sequence signal: vO = 0.5%min(va,vb,vc)
if (va<vb)

{
if (va<vc)
{
v0=0.5%va_n;
}
else
{
v0=0.5%vc_n;
}
}
else
{
if (vb<vc)
{
v0=0.5%vb_n;
}
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else

{

v0=0.5%vc_n;

//Duty cycles
dl = va_n+v0;
d2 = vb_n+v0;
d3

vce_n+v0;

//Saturation
if(d1>1){d1=1;}
if(da2>1){d2=1;%}
if(d3>1){d3=1;}
if (d1<-1){d1=-1;}%}
if (d2<-1){d2=-1;
if(d3<-1){d3=-1;%}

//Outputs

sw_abc[0] = d1/2+0.5;
sw_abc[1] = d2/2+0.5;
sw_abc[2] = d3/2+0.5;
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APPENDIX B. SCREENSHOTS FROM OSCILLOSCOPE

Appendix B

Screenshots from oscilloscope

Following appendix shows screenshots taken from the oscillioscope when experimental data was
captured. Conversion ratios to convert voltage unit on the oscilloscopes y-axis to meaningful units

are shown in table B.1.

Unit description

Conversion ratio

DC link voltage 500V2/V
Stator current 2000/150A4/V
Rotor speed 800rpm/V

Table B.1: Acquisition ratios.

Case la: v, feedback - No load

Home: TDS 3014B TEK (192.168.0.11)
Tek Run | - ] Trig'd

©372mv
@ 1.2V

M1.00ms A Ch2 £ 1.11v]

. : : W11.20% : :

Figure B.1: v, feedback. DC' link voltage at no
load, rated speed.

Trig’

Tek Run | -

Home: TDS 3014B TEK (192.168.0.11)
k> ] d

A 930mV
@ 780mv
Ch3 RMS
240mv

Figure B.2: vy, feedback. Stator current at no

load, rated speed.
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Tekk Run | i ] Auto
o ? ? ? ? AL 930mv
- - ; - ; - L@ 1.2V
N U L GPAUPOPTRI . U W0 4 <1 1 T 71 TR L
T.78v
”' ......................................................
oK s00mv - M4.00ms A Ch3 £ 650mV-
11.20% ; ; :

Home: TDS 3014B TEK (192.168.0.11)

Figure B.3: vy, feedback. Rotor speed at full load, rated speed.

Case 1b: v,. feedback - Full load

Home: TDS 3014B TEK (192.163.0.11)
— 1
LU 1

TEK (192.168.0.11)
i
1

200mv

Trig'd Tek Run | i Trig'd
aRgTmn i e
@ 112V - @: 730mvV
Ch2 Mean Ch3 RMS
1.04 ¥ 528mv
+

M1.00ms A Ch2 & 1.15V

Figure B.4: vy, feedback. DC link voltage at full
load, rated speed.

M20.0ms A Ch3 £ 700mV

D 11,20 %

load, rated speed.

Figure B.5: vy, feedback. Stator current at full
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Home: TDS 3014B TEK (192 168.0.11)

Tek Run | i Trlgd
ﬁa 930mv
! @ 1.79V

: M20.0ms" A Ch3 5 290mv-
ﬁn 20%

Figure B.6: vy, feedback. Rotor speed at full load, rated speed.

Case 2: Filtered v, feedback

Home TDS 3014B TEK (1 92.168.0. 11)

Tek Run | 1
L TS o | eere—— ey [ -
: : : A 372mv
; : 3 @:  540mv
Ch2 Mean
541my
Bl @B 200mv  M1.00ms A chz I os40mv
_ i 011.20% ;

Figure B.7: Filtered vy, feedback. DC link voltage
at no load, rated speed.

Home: TDS 3014B TEK (192 168.0. 11]

TekRun | iy Trig d
: A e e e ——
@: —300mv

Ch3 RMS

251m\.-'

I e S M20.0ms A Ch3 s 260mv
ﬁn 20 %

Figure B.8: Filtered vy, feedback. Stator current
at no load, rated speed.
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Figure B.9: Filtered vg. feedback. Rotor speed at no load, rated speed.

Home: TDS 3014B TEK (192 168.0. 11)

Home: TDS 3014B TEK (192 168.0.11)

Auto

e e e S S R
- : : : : : @ $60mV

g ihlli AR | L llnl,r[gl L

WK s00mv- o M20.0ms A cm Fo179Vv

; ﬁn 20%

Home TDS 3014B TEK (192 168.0.11)

TekRun | [} Trig'd Tek Run | i Trigd
: : Al 372mv : u A 1.86V
: ; : D DAY @: —300mv
: : Ch2 Mean Ch3 RMS
; : 529mv 541mv
mme | e £ L i B/‘\/\/\/ B /\ /\_A A
- - F \ \
; : Y . v J v v \/ \/

B s sl 200myV - M1.00ms" A chz £ 580mv; _ _ . . M20.0ms A Ch3 s 260mV.
: ME .00V

; lll 20 % : : : ﬁn 20%

Figure B.10: Filtered vq. feedback. DC link volt-
age at full load, rated speed.

Figure B.11: Filtered vy, feedback. Stator current
at full load, rated speed.
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Home: TDS 3014B TEK (192 168.0.11)
=

Tek Run | Trig'd
T T
- : : : - : @:  860mv

L.*,L.J;m?!?';JJ}.LW- il

f-'500m\)----f----f----f-Mzo oms A Ch1 Fo1.97v

Figure B.12: Filtered vq. feedback. Rotor speed at full load, rated speed.

ﬁﬂ 20%

Case 3: Constant v, - Full load
Home TDS 3014B TEK (192 168.041) Home: TDS 3014B TEK (192 168.0.11)
Tek Run | Trig'd Tek Run | i Trig'd
———— e e
@ 1.12V @ 730mv
Ch2 Mean Ch3 RMS
1.06V 559mVy

200mv

M1.00ms A Ch2 F 1.06V
R 500mv

Figure B.13: Constant vq.. DC link voltage at

full load, rated speed.

M20.0ms A Ch3 £ 530mv
D i11.20 %

11.20%

load, rated speed.

Figure B.14: Constant vq.. Stator current at full
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Home: TDS 3014B TEK (192.168.0.11)
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7Y l i : y '%‘ R 1.73 ¥ ]

y i
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Figure B.15: Constant vg.. Rotor speed at full load, rated speed.




APPENDIX C. MOTOR NAMEPLATES

Appendix C

Motor nameplates

Tables C.1 and C.2 nameplates of the SCIM and DCM used in the project.

Motor nameplate

ABB Motors - MT100LB28-4 MK110023-5
Nominal power P, 3.0 kW
Nominal phase voltage V 380/v/3 Vyms
Maximum phase voltage | Vi, (maz) | 420/ V'3 Vs
Nominal current I, 6.9 Arms
Nominal frequency fn 50 Hz
Nominal power factor PF 0.77
Nominal speed N 1430 rpm
Nominal torque T, 20 Nm

Table C.1: SCIM nameplate.

Motor nameplate

Thrige-Titan A/s - Motor shunt - CLASS F

LAK132 - No. 2247266-8249

Nominal power

Nominal speed

Nominal armature voltage
Nominal armature current
Nominal field voltage
Nominal field current

Nominal torque (Iy = 0.7 A, Igrm = 9.7 A)

P,
Va ™ m

Im‘m

3.3 kW
400 V
9.7 A
220V
0.7 A

1560 rpm

20 Nm

Table C.2: DCM nameplate.
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Appendix D

Contents of CD-ROM

The enclosed CD-ROM contains the following:
e Root of CD-ROM
— This folder contains the report in pdf format.

References

— This folder contains the papers in the Bibliography.

Report
— This folder contains the latex source files of the report and pictures.

Simulations

— This folder contains the Simulink models used in simulations.

Implementation

— This folder contains the Simulink models used in implementation, documents related to
the DSP and pictures of the setup.

Other stuff

— This folder contains other stuff that was used during the project period, datasheets,
m-files, models etc.
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