1 Principles of vector orientation and vector
orientated control structures for systems
using three-phase AC machines

From the principles of electrical engineering it is known that the 3-phase
quantities of the 3-phase AC machines can be summarized to complex
vectors. These vectors can be represented in Cartesian coordinate systems,
which are particularly chosen to suitable render the physical relations of
the machines. These are the field-orientated coordinate system for the 3-
phase AC drive technology or the grid voltage orientated coordinate
system for generator systems. The orientation on a certain vector for
modelling and design of the feedback control loops is generally called
vector orientation.

1.1 Formation of the space vectors and its vector
orientated philosophy

The three sinusoidal phase currents iy, i, and i, of a neutral point
isolated 3-phase AC machine fulfill the following relation:
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Fig. 1.1 Formation of the stator current vector from the phase currents
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These currents can be combined to a vector igy(t) circulating with the
stator frequency f; (see fig. 1.1).
2 ; ; .
i =3 i (1) +ig, (1)’ +ig, (1) em] with v=27/3 (1.2)
The three phase currents now represent the projections of the vector i
on the accompanying winding axes. Using this idea to combine other 3-
phase quantities, complex vectors of stator and rotor voltages u,, u, and

stator and rotor flux linkages 1), 1, are obtained. All vectors circulate with

the angular speed a.

In the next step, a Cartesian coordinate system with dg axes, which
circulates synchronously with all vectors, will be introduced. In this
system, the currents, voltage and flux vectors can be described in two
components d and q.

Uy =Ugy +jusq;ur =Upg +jurq

is :isd +jisq;ir :ird +jirq (13)
U, =Yg + Jgs Oy =g +j¢sq
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Fig. 1.2 Vector of the stator currents of IM in stator-fixed and field coordinates

Now, typical electrical drive systems shall be looked at more closely. If
the real axis d of the coordinate system (see fig. 1.2) is identical with the

direction of the rotor flux ), (case IM) or of the pole flux ), (case
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PMSM), the quadrature component (¢ component) of the flux disappears
and a physically easily comprehensible representation of the relations
between torque, flux and current components is obtained. This
representation can be immediately expressed in the following formulae.
¢ The induction motor with squirrel-cage rotor:
L, . . _31,

s)= iy, my, =—-"2z i 1.4
wrd ( ) 1+ STr sd M B Lr p Frd 'sq (1.4)
¢ The permanentmagnet-excited synchronous motor:
3 ,
mM:EZp ¢p Isq (1.5)
In the equations (1.4) and (1.5), the following symbols are used:
my, Motor torque
z Number of pole pairs

P
Yrq,Yp, =v, Rotor and pole flux (IM, PMSM)

Isd>lsg Direct and quadrature components of stator current
L,,L, Mutual and rotor inductance
with L. = L, + L, (L,, :rotor leakage inductance)
T, Rotor time constant with 7. = L, /R, (R, : rotor resistance)
K Laplace operator

The equations (1.4), (1.5) show that the component iy of the stator
current can be used as a control quantity for the rotor flux ¢/, If the rotor

flux can be kept constant with the help of i, then the cross component i,
plays the role of a control variable for the torque m,,.
The linear relation between torque m,, and quadrature component i, is

easily recognizable for the two machine types. If the rotor flux ¢, is

constant (this is actually the case for the PMSM), i, represents the motor
torque m,, so that the output quantity of the speed controller can be directly

used as a set point for the quadrature component ijq . For the case of the

IM, the rotor flux ¢}, may be regarded as nearly constant because of its

slow variability in respect to the inner control loop of the stator current.
Or, it can really be kept constant when the control scheme contains an
outer flux control loop. This philosophy is justified in the formula (1.4) by

the fact that the rotor flux ¢, can only be influenced by the direct

component i,; with a delay in the range of the rotor time constant 7,, which
is many times greater than the sampling period of the current control loop.

Thus, the set point i:d of this field-forming component can be provided by

the output quantity of the flux controller. For PMSM the pole flux 1, is
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maintained permanently unlike for the IM. Therefore the PMSM must be
controlled such that the direct component i,; has the value zero. Fig. 1.2
illustrates the relations described so far.

If the real axis d of the Cartesian dg coordinate system is chosen
identical with one of the three winding axes, e.g. with the axis of winding
u (fig. 1.2), it is renamed into ¢ff coordinate system. A stator-fixed
coordinate system is now obtained. The three-winding system of a 3-phase
AC machine is a fixed system by nature. Therefore, a transformation is
imaginable from the three-winding system into a two-winding system with
orand S windings for the currents i,, and i
l.S(‘M = isu

1

isﬂ :ﬁOsu +2isv> (16)

In the formula (1.6) the third phase current i, is not needed because of
the (by definition) open neutral-point of the motor.
Figure 1.2 shows two Cartesian coordinate systems with a common

origin, of which the system with af coordinates is fixed and the system

with dg coordinates circulates with the angular speed w, = dd, /dr . The
current i, can be represented in the two coordinate systems as follows.

e In off coordinates: iy =i, + jigg
¢ In dqg coordinates: i{ =gy + Jig

(Indices: s - stator-fixed, f - field synchronous coordinates)
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With
ixd = isa cos ﬁs + is 3 sin ﬂs

, o . (1.7)
lxq = —lge SN 19.? + Iy cos 19s

the stator current vector is obtained as:
i/ :[ o COST +i5 sim?s]—i— j[ i3 cO8Vg — i, sim?s]

s lS «

l{ = [ isa + jis[i] [ €os 19.? - jSil’l 19.? ] = li eijﬁs
In generalization of that the following general formula results to
transform complex vectors between the coordinate systems:

vi=vlelh or v/ =vie /% (1.8)

v: an arbitrary complex vector
The acquisition of the field synchronous current components, using
equations (1.6) and (1.7), is illustrated in figure 1.3.

d

: Fig. 1.4 Vectors of the stator and
i,V i, rotor currents of DFIM in grid

dq: Grid voltage voltage (uy) orientated coordinates
orientated coordinates

In generator systems like wind power plants with the stator connected
directly to the grid, the real axis of the grid voltage vector uy can be
chosen as the d axis (see fig. 1.4). Such systems often use doubly-fed
induction machines (DFIM) as generators because of several economic
advantages. In Cartesian coordinates orientated to the grid voltage vector,
the following relations for the DFIM are obtained.

e The doubly-fed induction machine:
|¢s|/Lm iy _ 3 L

sinp= LM Ty 2 Zmy 1.9
'Z |ls| G 2 P Ls sq‘rd ( )



6  Principles of vector orientation and vector orientated control structures

In equation (1.9), the following symbols are used:

mg Generator torque

Yo b Stator flux

i Vector of stator current

I slrg Direct and quadrature components of rotor current
L.L Mutual and stator inductance

‘m> s

with L, =L, + L, (L, :stator leakage inductance)

© Angle between vectors of grid voltage and stator current

Because the stator flux 1), is determined by the grid voltage and can be

viewed as constant, the rotor current component i, plays the role of a
control variable for the generator torque mg and therefore for the active
power P respectively. This fact is illustrated by the second equation in

(1.9). The first of both equations (1.9) means that the power factor cosy or
the reactive power Q can be controlled by the control variable i,,.

1.2 Basic structures with field-orientated control
for three-phase AC drives

DC machines by their nature allow for a completely decoupled and
independent control of the flux-forming field current and the torque-
forming armature current. Because of this complete separation, very
simple and computing time saving control algorithms were developed,
which gave the dc machine preferred use especially in high-performance
drive systems within the early years of the computerized feedback control.
In contrast to this, the 3-phase AC machine represents a mathematically
complicated construct with its multi-phase winding and voltage system,
which made it difficult to maintain this important decoupling quality.
Thus, the aim of the field orientation can be defined to re-establish the
decoupling of the flux and torque forming components of the stator current
vector. The field-orientated control scheme is then based on impression the
decoupled current components using closed-loop control.

Based on the theoretical statements, briefly outlined in chapter 1.1, the
classical structure (see fig. 1.5) of a 3-phase AC drive system with field-
orientated control shall now be looked at in some more detail. If block 8
remains outside our scope at first, the structure, similar as for the case of a
system with DC motor, contains in the outer loop two controllers: one for
the flux (block 1) and one for the speed (block 9). The inner loop is formed
of two separate current controllers (blocks 2) with PI behaviour for the
field-forming component i;; (comparable with the field current of the DC
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motor) and the torque-forming component i, (comparable with the
armature current of the DC motor). Using the rotor flux ¢, and the speed

w, the decoupling network (DN: block 3) calculates the stator voltage

components u,; and u,, from the output quantities y, and y, of the current
controllers R;. If the field angle ¢ between the axis d or the rotor flux axis
and the stator-fixed reference axis (e.g. the axis of the winding « or the

axis «) is known, the components u, u, can be transformed, using block

4, from the field coordinates dq into the stator-fixed coordinates of3. After
transformation and processing the well known vector modulation (VM:
block 5), the stator voltage is finally applied on the motor terminals with
respect to amplitude and phase. The flux model (FM: block 8) helps to

estimate the values of the rotor flux ¢, and the field angle ¢} from the

vector of the stator current i; and from the speed w, and will be subject of
chapter 4.4.
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Fig. 1.5 Classical structure of field-orientated control for 3-phase AC drives using
IM and voltage source inverter (VSI) with two separate PI current controllers for d
and g axes

If the two components iy, i, were completely independent of each
other, and therefore completely decoupled, the concept would work
perfectly with two separate PI current controllers. But the decoupling
network DN represents in this structure only an algebraic relation, which
performes just the calculation of the voltage components u,, u,, from the
current-like controller output quantities y,, y,. The DN with this stationary
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approach does not show the wished-for decoupling behavior in the control
technical sense. This classical structure therefore worked with good results
in steady-state, but with less good results in dynamic operation. This
becomes particularly clear if the drive is operated in the field weakening
range with strong mutual influence between the axes d and ¢.
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Fig. 1.6 Modern structures with field-orientated control for three-phase AC drives
using IM and VSI with current control loop in field coordinates (top) and in
stator-fixed coordinates (bottom)

In contrast to this simple control approach, the 3-phase AC machine, as
highlighted above, represents a mathematically complicated structure. The
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actual internal dg current components are dynamically coupled with each
other. From the control point of view, the control object ,,3-phase AC
machine* is an object with multi-inputs and multi-outputs (MIMO
process), which can only be mastered by a vectorial MIMO feedback
controller (see fig. 1.6). Such a control structure generally comprises of
decoupling controllers next to main controllers, which provide the actual
decoupling.

Figure 1.6 shows the more modern structures of the field-orientated
controlled 3-phase AC drive systems with a vectorial multi-variable
current controller R;. The difference between the two approaches only
consists in the location of the coordinate transformation before or after the
current controller. In the field-synchronous coordinate system, the
controller has to process uniform reference and actual values, whereas in
the stator-fixed coordinate system the reference and actual values are
sinusoidal.

The set point w:d for the rotor flux or for the magnetization state of

the IM for both approaches is provided depending on the speed. In the
reality the magnetization state determines the utilization of the machine
and the inverter. Thus, several possibilities for optimization (torque or loss

optimal) arise from an adequate specification of the set point d)fd . Further

functionality like parameter settings for the functional blocks or tracking
of the parameters depending on machine states are not represented
explicitly in fig. 1.5 and 1.6.
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Fig. 1.7 Modern structure with field-orientated control for three-phase AC drives
using PMSM and VSI with current control loop in field coordinates
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PMSM drive systems with field-orientated control are widely used in
practical applications (fig. 1.7). Because of the constant pole flux, the
torque in equation (1.5) is directly proportional to the current component
is;. Thus, the stator current does not serve the flux build-up, as in the case
of the IM, but only the torque formation and contains only the component
i, The current vector is located vertically to the vector of the pole flux
(fig. 1.8 on the left).
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Fig. 1.8 Stator current vector i; of the PMSM in the basic speed range (left) and in
the field-weakening area (right)

Using a similar control structure as in the case of the IM, the direct
component iy, has the value zero (fig. 1.8 on the left). A superimposed flux
controller is not necessary. But a different situation will arise, if the
synchronous drive shall be operated in the field-weakening area as well
(fig. 1.8 on the right). To achieve this, a negative current will be fed into
the d axis depending on the speed (fig. 1.7, block 8). This is primarily
possible because the modern magnets are nearly impossible to be
demagnetized thanks to state-of-the-art materials. Like for the IM,
possibilities for the optimal utilization of the PMSM and the inverter
similarly arise by appropriate specification of iy,. The flux angle & will be
obtained either by the direct measuring — e.g. with a resolver — or by the
integration of the measured speed incorporating exact knowledge of the
rotor initial position.
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1.3 Basic structures of grid voltage orientated control
for DFIM generators

One of the main control objectives stated above was the decoupled
control of active and reactive current components. This suggests to choose
the stator voltage oriented reference frame for the further control design.
Let us consider some of the consequences of this choice for other variables
of interest.

The stator of the machine is connected to the constant-voltage constant-
frequency grid system. Since the stator frequency is always identical to the
grid frequency, the voltage drop across the stator resistance can be
neglected compared to the voltage drop across the mutual and leakage

inductances L, and L . Starting point is the stator voltage equation

b, = u %ﬂ or u, ~ jw P, (1.10)
dt ‘ dt ‘ S

with the stator and rotor flux linkages

{ by =1L, +i,L,

b, =i,L, +i,L,
Since the stator flux is kept constant by the constant grid voltage (equ.
(1.10)) the component i, in equation (1.9) may be considered as torque

producing current.
In the grid voltage orientated reference frame the fundamental power

uS = RSiS +

(1.11)

factor, or displacement factor cos¢ respectively, with ¢ being the phase
angle between voltage vector us and current vector i, is defined according
to figure 1.4 as follows:

cosgozlf'—d:ls—d (1.12)
|ls| ”i.gd + lgq

However, it must be considered that according to equation (1.11) for
near-constant stator flux any change in i, immediately causes a change in i,

and consequently in cose. To show this in more detail the stator flux in
equation (1.11) can be rewritten in the grid voltage oriented system to:

L
1/&{61 = L_Sisa' iy R 0
L’” with L =, /L, (1.13)
w;q = L_Sisq +irq ~ "lbé‘
m

For L,/L,, ~1 equation (1.13) may be simplified to:
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isd +ird ~0

1.14

/
=l

The phasor diagram in figure 1.4 illustrates the context of (1.14). With
the torque producing current i,; determined by the torque controller
according to (1.13) the stator current iy is pre-determined as well. To

compensate the influence on cose according to equation (1.12) an
appropriate modification of i, is necessary. The relation between the stator
phase angle ¢ and i, is defined by:

1 1
sing =t = (1.15)

|ls| ‘de +l§q
Equation (1.15) expresses a quasi-linear relation between siny and i,

for small phase angles directly between ¢ and iy, because of sinp~ ¢ in

this area. This implies to implement a sing control rather than the cos¢y

control considered initially. Due to the fixed relation between i,, and i,
expressed in the second equation of (1.14) the rotor current component i,

is supposed to serve as sing- or cosg-producing current component.
Another advantage of the siny control is the simple distinction of inductive

and capacitive reactive power by the sign of sin¢.

The DFIM control system consists of two parts: Generator-side control
and grid-side control. The generator-side control is responsible for the
adjustment of the generator reference values: regenerative torque mg and

power factor cos¢. For these values suitable control variables must be

found. It was worked out in the previous section, that in the grid voltage
reference system the rotor current component i,; may be considered as
torque producing quantity, refer to equation (1.9). Therefore, if the
generator-side control is working with a current controller to inject the
desired current into the rotor winding, the reference value for i,; may be
determined by an outer torque control loop.

With this context in mind the generator-side control structure may be
assembled now like depicted in figure 1.9. Assuming a fast and accurate
rotor current vector control this control structure enables a very good
decoupling between torque and power factor in both steady state and
dynamic operation. With a fast inner current control loop, torque and
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power factor might be impressed almost delay-free; the controlled systems
for both values have proportional behaviour.

However, in practical implementation measurement noise and current
harmonics might cause instability due to the strong correlation of the
signals in both control loops. Feedback smoothing low-pass filters are
necessary to avoid such effects (fig. 1.9). These feedback filters then form
the actual process model and the control dynamics has to be slowed down.
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Fig. 1.9 Modern structure with grid voltage orientated control for generator
systems using DFIM and VSI with current control loop in grid voltage coordinates

The DFIM is often used in wind power plants thanks to the
fundamentally smaller power demand for the power electronic components
compared to systems with IM or SM. The demand for improved short-
circuit capabilities (ride-through of the wind turbine during grid faults)
seems to be invincible for DFIM, because the stator of the generator is
directly connected to the grid. Practical solutions require additional power
electronics equipment and interrupt the normal system function. Thanks to
the power electronic control equipment between the stator and the grid,
this problem does not exist for IM or SM systems.

Figure 1.10 presents a nonlinear control structure, which results from
the idea of the exact linearization and contains a direct decoupling between
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active and reactive power. However, the most important advantage of this

concept consists of the improvement of the system performance at grid
faults, which allows to maintain system operation up to higher fault levels.

Grid
u v w
R,
U - Grid-side
D # R Inverter GCB
Ind U Uy, t
U G _t“_-_ y - -
Dc R . d I B =P
. hve | 73 L
@ _J
— Vector HH
Modulation

Power
Factor

Iy
by
l—

SN
\=\=\ GCB
U
i mn >
~
¢
State Coordinate Vector (
R,, . Transformation Modulation {3
w Urg U, i Iy

et ew’u_’ﬂ_n_g_@ f
@W, Feedback|!. P T [ t

Rm ‘\’;Tq LTUSd Generator-side] DFHV[
9

Inverter

c

72 RVE

GCB: Grid circuit breaker

iFE

] 3

1

iS L SU

] | E 31

I L
RVC: Reference value calculation

RVE: Real value estimation S Uny
PLL: Phase-locked loop PLL

Fig. 1.10 Complete structure of wind power plant with grid voltage orientated
control using a nonlinear control loop in grid voltage coordinates
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