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Agenda

▪  Symmetrical Components

▪  Clarke Transform

▪  Park Transform

▪  Power Processing

▪  Power Factor Correction



Three-Phase Generators

▪ A power plant delivers 3 voltages out of phase by 120° and referenced to a neutral point

▪ For a given wire gauge, more power is conveyed in a 3-phase than in a 1-phase network

✓ In a balanced system, there is no current flowing in the neutral wire
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https://www.mathworks.com/videos/what-is-3-phase-power-part-2-star-wye-and-delta-connected-loads-1653032002699.html


A Balanced System

▪ A tri-phase system is balanced when the three conditions below are respected:

✓ Angle: there is a constant 120° angle between each of the sinusoidal waveforms

✓ All phase currents are of equal magnitude:

✓ The phase sequence is positive with A, B and C or negative with A, C and B
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https://www.youtube.com/watch?v=m9MocVpIvsw&list=PLqJ0Y2s60r-6Vc5HqL_LGJIQXlhtY2AmR&index=2
https://en.wikipedia.org/wiki/File:Unfasor.gif


An Unbalanced System

▪ A system becomes unbalanced or unsymmetrical if:

✓ The output impedances of the distribution networks are unbalanced

✓ A single- or a two-phase loads exhibit unequal consumptions

✓ Highly nonlinear loads are powered from the network: distorted currents

✓ Single phasing occurs in a motor: one of the supply lines opens
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Faults in a Three-Phase System

▪ During operations, short circuits can occur on distribution lines

▪ It is important for utility companies to understand what the type of short circuits:

➢ Line-to-line, line-to-ground, line-to-line-to-ground and so on

A

B

C 

Ground or earth

R

S

T 

U

V

W 

phases Series Faults

One open 
conductor

Two open 
conductors

Shunt Faults

Asymmetrical 
faults

Symmetrical 
faults

LG 
line-to-ground faults

(AG, BG, CG)

LL 
line-to-line faults

(AB, BC, CQ)

LLG 
Line-to-line-to ground faults

(AB, BC, CQ)

LLL 
Line-to-line-to-line faults

(ABC)

LLLG 
Line-to-line-to-line-to-ground faults

(ABCG)

LL

LG

Very Dangerous Electrical Short Circuit Top Five

How to determine circulating 
currents in a faulty 3-phase system?

https://www.youtube.com/watch?app=desktop&v=yC9qAgC0Xpk


Symmetrical Components

▪ It is possible to show that a set of 3 unbalanced phasors can be expressed as the sum of:

✓ A set of three positive-sequence vectors

✓ A set of three negative-sequence vectors

✓ A set of three zero-sequence vectors
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3 symmetrical components

https://www.usppllc.com/symmetrical-components/


Symmetrical Components in Absence of Fault

▪ In normal operation, when the system is balanced:

✓ The positive-sequence is the same as the original set of phasors

✓ The negative-sequence component is zero

✓ The zero-sequence component is also zero: ( )0
0a b cI I I I= + + =

US POWER PARTNERS – Symmetrical Components Visualization

Balanced system

https://www.usppllc.com/symmetrical-components/


Analyzing Fault Signatures

Phase A to phase C shorted to ground Phase B to phase C short circuit

▪ With fault signature analysis, you can identify the issue and react accordingly

US POWER PARTNERS – Symmetrical Components Visualization

A
B
C

A
B
C

https://www.usppllc.com/symmetrical-components/


Magnetic Field

▪ When a coil is subject to a current, it produces a magnetic field

▪ The direction of the field is determined by the right-hand rule
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Rotating Magnetic Fields – Prof. Essam Hamdi - YouTube

▪ Consider three individual coils biased by a current

✓ The total magnetic field is the vector sum of the fields
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https://www.youtube.com/watch?v=h-BIHJM-IGQ
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A Rotating Field Vector

▪ As each phase current changes amplitude and angle, a rotating space vector appears

▪ The magnitude of this vector is 1.5 time the peak amplitude of the phases
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Animated Field

▪ The equivalent space vector rotates along the sinusoidal waveforms

Magnitude of the 
resulting vector

Phase currents

https://www.switchcraft.org/learning/2017/3/15/space-vector-pwm-intro 

https://www.switchcraft.org/learning/2017/3/15/space-vector-pwm-intro


Changing the Frame – abc to 

▪ The magnetic field is synthetized by three varying components: 3-dimension frame

▪ The idea is to go from a three-dimension (abc) to a two-dimension system ()
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Understanding the Transform

▪ You are projecting three vectors onto two axes,  and 

▪ Use Euler’s notation to write the sum in phasor notation and rearrange
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Power-Invariant Transform

▪ Clarke’s transform preserves current and voltage values but not power

▪ Concordia’s transform is similar to Clarke’s but is now power-invariant
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Simulation Waveforms
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The Park Transformation

▪ Clarke’s transform turns a three-phase system into a two-phase reference frame

❖ The variables  and  are still fluctuating: building a control system is difficult

✓ Park’s transform turns these two waveforms into two dc components, d and q

➢ Implementing a control system with dc references now becomes easier
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Changing the Frame –  to dq

▪ The  frame is stationary and impractical for a control system

▪ Park’s transform converts this stationary frame into a rotating frame

✓ The resulting dq values are dc signals representing active and reactive components

Robert H. Park
1902-1994

R. H. Park, Two-Reaction Theory of Synchronous Machines,  N.Y., Jan. 28-Feb. 1, 1929





Stationary  frame 

<
i

<

i

d

q

<
i d

< i q



Rotating dq frame 



(Clarke)

(Park)

fixed

rotating

V

d is aligned with
 the a or  axis

Mr. Magoo 
on solid 
ground

Mr. Magoo 
jumped on 

the carrousel

https://uwaterloo.ca/power-energy-systems-group/sites/default/files/uploads/files/two-reaction.pdf


Park’s Transformation – a Simple Explanation

▪ Stationary reference frame phasor projected into a rotating reference frame

▪ Vector V has the same magnitude but two different angles in  and dq frames
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dq0 Transformation

▪ This power invariant transformation combines Clarke and Park transforms

▪ It directly converts the 3-phase signals into dc d and q variables
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✓The inverse dq0 reconstructs the corrected waveforms after corrected d and q variables
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Transform for an alignment of the d-axis with the alpha axisSee video 51 here

https://www.jmag-international.com/seminar/prof_miller_seminar/


Stator and Rotor Fields

▪ In a brushless dc motor (BLDC), you have stator and rotor fields

▪ The rotor field is imposed by magnets in a one pole-pair configuration

▪ The stator field will be controlled by biasing the three windings
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C

2
H

1 2
H H+

1
H

Resulting
field

N

S

The rotor aligns with the stator field
The torque in this mode is equal to 0

A

B

C

N

S

attracts

60°

You can energize a stator coil pair in 6 ways
6 possible rotor alignments – 60° apart

rotor

stator

6-step commutation 
or trapezoidal control

Stator 
magnetic 
field

Rotor 
magnetic 
field

3-phase 
winding

Rotor
Stator

Torque is maximum when  = 90°
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T M B 

= 

=  


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Picture from this article

An Introduction to BLDC Motor – 6-part series on YouTube from Melda Ulusoy

https://eduscol.education.fr/sti/sites/eduscol.education.fr.sti/files/ressources/techniques/10562/10562-203-p6.pdf
https://www.youtube.com/watch?v=gNpoTPzEkco&list=PLn8PRpmsu08qL-EG3DRMtRyokpXQJyhp7


The Need for Orthogonal Quantities

▪ We want to impose an orthogonal field between the stator and rotor fields

▪ The stator field is expressed in d and q components via Clarke’s and Park’s transforms

✓ Set d to zero and maximize the q component for orthogonal fields

d

q

The rotor field and the stator 
field are not orthogonal

rotor
d

q

By reducing the d component, 
the q component grows

rotor
d

q

When the d component is 
zeroed, the stator field is 
orthogonal to the rotor field.

rotor

stator stator
stator

An Introduction to BLDC Motor – 6-part series on YouTube from Melda Ulusoy

  

V
V

V

https://www.youtube.com/watch?v=YPD1_rcXBIE&list=PLn8PRpmsu08qL-EG3DRMtRyokpXQJyhp7&index=4


A Practical Implementation

▪ A permanent magnet synchronous motor (PMSM) can be controlled by FOC

▪ Currents in phases are adjusted by the inverter to control the motor torque

✓ A control system zeroes the d components while the q input sets a reference value

FOC – field-oriented control

ia

ic

Park - Clarke

Inverse
Park - Clarke

ib

va

vc

vb 3-phase 
inverter

SPWM
SVM

vq

vd

PI-compensator

PI-compensator

0

id

iq

+

-

+

-

Iq reference

id(t)

iq(t)

ClarkePark

Torque setpoint

Incremental 
encoder

Speed 

Angle 
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Agenda

▪  Symmetrical Components

▪  Clarke Transform

▪  Park Transform

▪  Power Processing

▪  Power Factor Correction



Power Processing

▪ We have seen how the Clarke/Park’s transforms are used in motor control

▪ The dq0 transform directly leads to d and q components
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▪ Average [W] and reactive [VAR] powers can be computed:

The d-axis is aligned with the a phase
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d d q q
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In a PFC system: 

✓ The loop sets id to keep Vout constant
✓ iq is set to 0



Computing the Angle

▪ For processing the d and q parameters, you need the   angle

▪ It can be obtained by processing the individual phase voltages
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▪ The practical implementation can 
be done this way, involving va(t):
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Simulating the dq0 Transform

▪ SIMetrix® with its in-line equations simulates a dq0 transform

A capacitor is added to 
create a reactive current

Computed 
with dq
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Balanced System – no Reactive Power
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Balanced System – Reactive Power
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3-Phase Boost Rectifier with SPWM

▪ A phase-locked loop (PLL) is used for extracting the angle 

▪ Each input current is sensed and used to compute dq0 variables with 
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D. Boroyevich, Modeling and Control of Three-Phase PWM Converters, PECon 2008, Malaysia
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Voltage loop

https://ewh.ieee.org/r10/malaysia/ie_ia_pel/pecon2008/dushan_tutorial.pdf


Building Subcircuits Blocks

▪ Computing blocks are created in SIMetrix® and encapsulated



Testing Subcircuits

▪ Before operating the blocks in a 3-phase circuit, verify the computed results
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✓Good to go!



The Complete Simulation

.param GfcV=20 ; magnitude at crossover *

.param PSV=-90 ; phase lag at crossover *
*
* Enter Design Goals Information Here *
*
.param fcV=20 ; targeted crossover *
.param PMV=60 ; choose phase margin at crossover *
*
* Enter the Values for Vout and Bridge Bias Current *
*
.param Vout=400
.param Pout=5k
.param RL={(Vout)^2/(Pout)}
.param Ibias=100u
.param Vref=2.5
.param Rlower={Vref/Ibias}
.param Rupper={(Vout-Vref)/Ibias}

*
* Do not edit the below lines *
.param boostV={PMd-PSd-90}
.param GV={10^(-GfcV/20)}
.param kV={tan((boostV/2+45)*pi/180)}
.param fpV={fcV*kV}
.param fzV={fcV/kV}
.param 
C2V={1/(2*pi*fcV*GV*kV*Rupper)}
.param C1V={C2V*(kV^2-1)}
.param R2V={kV/(C1V*2*pi*fcV)}

▪ There are three compensators in this circuit
▪ The voltage loop is compensated for a low crossover
▪ The inner current loops are faster  1-2 kHz
▪ The converter delivers 5 kW from a 120-V ac input
▪ Vout = 400 V

Type 2 voltage loop 
compensation

ia(t)

ib(t)

ic(t)

THD 4.5%

Simulation time for 200 ms: 5 mn

 = 97%
120 V, 5 kW

150 ns DT

Reference 
signals



Switching Pattern at Steady State
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▪ This is a symmetrical center-based three-phase modulation like SVM2
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   4 011V npp= =

▪ The idea is to generate 
a vector Vref whose 
position and 
magnitude depends 
on adjacent vectors.

▪ Here, Vref is generated 
by weighting the time 
during which vectors 
V4 and V5 are active.

▪ The switch pattern in 
example shows the 
realization of vector 
V4.
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Vectors Hexagon for Star or Delta Configuration
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▪ Accounting for the 
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delta and star:
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▪ The hexagon represents the six possible vectors for a star or a delta configuration
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Synthetizing the Six Vectors

▪ We want to impose voltages between points a, b and c with the six switches

▪ vab, vbc and vca can take on one of the three values: -Vdc, 0 or Vdc

✓you add or subtract these vectors to obtain the vector imposed by the switches


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phase b
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vab

vca

vbc a b c

VdcVab = -Vdc Vbc = 0 Vca = Vdc
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phase b
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vab

vca
vbc

Vab = -Vdc 
Vbc = 0 
Vca = Vdc 4V

▪ Vector V4 is created by summing the two vectors of –Vdc and Vdc magnitudes

-Vdc 

Vdc 

Voltage 
between 
phases b 
and c

J. Schönberger, Space Vector Control of a Three-Phase Rectifier using PLECS®

https://www.plexim.com/sites/default/files/plecs_svm.pdf


Averaging the Position

▪ The reference vector is created by alternating between the two adjacent vectors

▪ The magnitude is adjusted by inserting a deadtime with vectors 0: [000] or [111]

Méthode du vecteur spatial, Wikipedia

▪ Vector Vref is synthesized by 
selecting the adjacent vectors in 
the considered sector

▪ The angle is determined by the 
time duration of each vector in 
the sector

▪ The magnitude is adjusted by the 
insertion of a deadtime via V0
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 1V pnn=

averaged 
vector

https://fr.wikipedia.org/wiki/M%C3%A9thode_du_vecteur_spatial


Dwell Times Calculations

▪ Determine switching pattern time duration for generating the reference vector
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▪ Vref is synthetized in the  
frame and will then be 
converted in variable setpoints 
va, vb and vc

S. Hiti, Modeling and Control of Three-Phase PWM Converters, Ph. D Thesis, Virginia TECH, 1995
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https://vtechworks.lib.vt.edu/items/ca767404-181a-49fe-a5fc-340a91e23143


3-Phase Boost Rectifier with SVM

D. Boroyevich, Modeling and Control of Three-Phase PWM Converters, PECon 2008, Malaysia

▪ In this example, dq references are transformed into  coordinates before SVM

va(t) vb(t)vc(t)

▪ Small-signal 
analysis requires 
the opening of the 
loops.

▪ PI-coded 
compensators are 
usually 
implemented.

https://ewh.ieee.org/r10/malaysia/ie_ia_pel/pecon2008/dushan_tutorial.pdf


Transient Response of the SPWM Rectifier
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▪ The power is 
stepped from 3 kW 
to 5 kW in a few µs

▪ The response is good 
and does not show 
oscillations

▪ The d and q 
compensated signals 
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Average Model of the 3-Phase PFC

▪ I have replaced the switching cell by the VM PWM switch model
▪ Pulse-width modulators are replaced by small-signal gains

V. Vorpérian, Simplified analysis of PWM converters using model of PWM switch. Continuous 
conduction mode, in IEEE Transactions on Aerospace and Electronic Systems, vol. 26, no. 3,, May 1990
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Control-to-Output Transfer Functions

▪ Three loops: Vout to be regulated at 400 V and the d and q paths

▪ The voltage loop will be closed with a 20-Hz crossover while fc for d and q will be 2 kHz

✓ One ac source is active at a time
✓ First the slow V-loop is compensated
✓ Then the d and q loops

.PARAM t1=15m

.PARAM Va={Vgpeak*sin(w*t1)}

.PARAM Vb={Vgpeak*sin(w*t1-2*pi/3)}

.PARAM Vc={Vgpeak*sin(w*t1-4*pi/3)}



Compensation Strategies
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▪ The three loops are individually compensated with adequate phase and gain margins

vT

vT

dT qT
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Voltage loop – fc = 20 Hz d loop – fc = 2 kHz q loop – fc = 2 kHz



Comparison between Models
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▪ Excellent correlation between cycle-by-cycle and average model waveforms
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Conclusion

▪  Tri-phase electrical networks are generated from spinning machines

▪  Modeling and controlling a three-variable system is complicated

✓ Clarke’s equations transform a 3-phase network into a 2-component frame

✓ Park’s equations transform the 2 ac components into dc variables, d and q

➢ Regulation on static variables is simpler and various techniques apply

▪  Numerous modulation schemes exist such as SPWM and SVM

▪  Average modeling helps extracting ac responses for loop control

▪  Implementation is rarely analogue but done via DSPs or micro-controllers
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