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Tämä kandidaatintyö on osa tutkimusprojektia, joka toteutettiin kesällä 2011 

Lappeenrannan teknillisessä yliopistossa. Projektin tavoitteena oli kehittää 

automaatiokonsepti vierasmagnetoidulle pienjännite tahtimoottorille. Tämä työ keskittyy 

automaatiokonseptin toteutukseen ABB:n AC500 ohjelmoitavassa logiikkaympäristössä. 

 

Automaatio-ohjelma kehitettiin tilakoneena ABB:n PS501 Control Builder 

ohjelmointityökalulla. Automaatio-ohjelman ohjaamiseksi kehitettiin PROFIBUS 

kenttäväyläohjaus ja paikallisohjaus ohjauspaneelilla. Kenttäväyläohjaus tehtiin 

vastaamaan ABB drives kommunikointiprofiilia ja lokaaliohjaus implementoitiin 

funktiolohkolla, joka syöttää oikeat ohjaussanat oikeassa järjestyksessä tilakoneeseen. 

 

Tahtimoottorin magnetointivirran säätö toteutettiin Olli Pyrhösen väitöskirjassa (Pyrhönen 

1998) esitetyllä tavalla, jossa yhdistyy avoimen piirin staattorivuo- ja 

vääntömomenttipohjainen säätö, sekä takaisinkytkennän tehokerroinsäätö.   
  



 

 

ABSTRACT 
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Automation Concept for Electrically Excited LV Synchronous Motor: Implementation into 
AC500 Programmable Logic Environment  
 
2012 
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25 p. 
 
Examiner: D. Sc. Tero Ahonen 
 

This bachelor’s thesis is a part of the research project realized in the summer 2011 in 

Lappeenranta University of Technology. The goal of the project was to develop an 

automation concept for controlling the electrically excited synchronous motor. Thesis 

concentrates on the implementation of the automation concept into the ABB’s AC500 

programmable logic enviroment. 

 

The automation program was developed as a state machine with the ABB’s PS501 

Control Builder software. For controlling the automation program is developed a fieldbus 

control and with CodeSys Visualization Tool a local control with control panel. The 

fieldbus control is done to correspond the ABB drives communication profile and the local 

control is implemented with a function block which feeds right control words into the 

statemachine. 

 

A field current control of the synchronous motor is realized as a method presented in 

doctoral thesis of Olli Pyrhönen (Pyrhönen 1998). The Method combines stator flux and 

torque based openloop control and power factor based feedback control.  
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ABBREVIATIONS AND SYMBOLS 

  

ACT  Actual Value 

CW  Control Word 

DTC  Direct Torque Control 

DP  Decentralised Periphery 

FBD  Function Block Diagram 

IL  Instruction List 

LD  Ladder Diagram 

LPF  Low Pass Filter 

PI  Proportional-Integral Controller 

PLC  Programmable Logic Controller 

POU  Program Organization Unit 

PPO   Parameter/Process Data Objects 

PU  Per Unit Value  

REF  Reference Value 

SFC  Sequential Function Chart 

ST  Structured Text 

SW  Status Word 

 

I,i  Current 
kri  Reduction Factor 
l  Inductance 
N  Numbers of turns 
p  Pole Pair Number         
T,t  Torque 
U   Voltage 
ε  Error for PI-controller 
Ψ  Flux 
ω  Angular Speed  
ξ  Winding factor 
 

Subscripts 

 

b   base value 

d, q   directional and quoidirectional quantities in the motor references 

e   electrical 

f   field 

m   magnetizing 
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n   nominal 

OL   Open Loop 

ref   reference 

r   rotor 

s   stator 

x, y   stator reference frame 

%   percentage value of nominal 
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1. INTRODUCTION   

This bachelor’s thesis is a part of research project realized in the summer 2011 in 

Lappeenranta University of Technology. The project goal was to develop an automation 

concept for controlling the electrically excited synchronous motor. The aim was to create 

the automation system, where the ABB’s ACS800 frequency converter controls rotating 

speed and torque of the synchronous motor, whereas DCS800 magnetizes the rotor. The 

excitation current, which comes into the synchronous motor’s pole windings, is controlled 

with DCS800 so that the motor’s power factor is set to unity, and the motor can produce 

the maximum mechanical power. Both drives are controlled by the ABB’s AC500 

programmable logic controller. 

 

Beside this thesis, also two other theses were made during this project. Their topics are: 

“Setup and requirements specification of electrically excited synchronous motor” (by Ari 

Potinkara) and “Electrically excited synchronous motor: Testing the automation concept” 

(by Arto Tahvanainen). 

 

This thesis concentrates on the program’s implementation into the ACS500 logic 

environment and the setup of this project is told briefly, because Ari Potinkara has 

explained it in more detail in his thesis. This thesis explains basics of data transfer of used 

hardware, developed program’s functionality and it also makes clear of the controlling 

method, which products unity power factor. 
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2. SETUP  

A synchronous motor has a three phase stator winding, which is used to create with three 

phase AC-current a rotating magnetic field into the motor. In this project ABB’s ACS800 

frequency converter was used to drive a Hitzinger 15 kVA four pole electrically excited 

synchronous motor. In the rotor there are pole windings for creating a magnetic field with 

DC current, which is called excitation current (Niiranen 2000). In this project this is done 

with ABB’s DCS800 DC drive. Because of magnetic attraction and repulsion, the rotor 

follows the stator’s rotating magnetic field with the same speed that is called the 

synchronous speed.  

 

Both drives are controlled by the ABB’s AC500 PLC via the fieldbus connection. The 

PROFIBUS protocol is used in the fieldbus communication and both drives need the 

RPBA-01 adapter to connect to the PROFIBUS network. More of the PROFIBUS 

communication is told in Chapter 3. The structure of whole drive is shown in Fig 2.1.  

 

DC drive

DCS800

Frequency 

Converter

ACS800+PM Sw

Low-voltage

Grid, 3-phase

Programmable

Logic controller

AC500

*Init sequence

*Stop sequence

*Fault sequence

*Run sequence

CW and REF data

SW and ACT data

Node 3

Node 2

Node 1

Process control

Profibus DP

External

Excitation

LV synchronous

machine

SM

 

Figure 2.1 The overall structure of the synchronous motor automation concept. Data transmission 

directions are shown by arrows. 
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3. PROFIBUS COMMUNICATION WITH FIELDBUS ADAPTER RPBA-01 

PROFIBUS is a fieldbus standard and in this project it is used to change data between 

slave devices ACS800 and DCS800 and with the master device AC500 PLC. Both 

converters need the RPBA-01 adapter module to connect to the PROFIBUS network. 

PROFIBUS is an open serial communication standard, where can be added multiple 

devices, called as nodes. With repeaters, nodes can be added up to 127 including 

repeaters and the master station. The PROFIBUS communication is mainly cyclic, which 

means that the master sends a poll, and slaves respond and accomplish the given task. 

(ABB Oy 2005) (Niiranen 2000) 

3.1 Structure of PROFIBUS Communication 

The RPBA-01 adapter uses PROFIBUS DP communication protocol with DP-V1 

extension. PROFIBUS DP uses Parameter/Process Data Objects called as PPOs. PPOs 

are different size of data frames, which are shown in Fig. 3.1. In this case PPO type 5 is 

used because it has the largest amount of process data words in use. The first eight bytes 

from the left in Fig. 3.1 are reserved for the parameter identification and with these a 

certain parameter can be changed or read from slave device. The rest 20 bytes are 

process data and they are organised to blocks, named as data words, size of two bytes. 

(ABB Oy 2005) 
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Figure 3.1 PPO message types of PROFIBUS DP. (ABB Oy 2005) 

 

The first process data word in the OUT area, which means data sent from the master, is 

the control word (CW). The control word commands a slave device to do something 

specific. The CW is size of 16 bits and every bit has a specific meaning. The second word 

is the reference value (REF) for the speed or frequency and the rest are freely mappable 

reference values. The first data word in the IN area is the status word and it tells which 

state the slave device is in. The SW is also size of 16 bits with a specific meaning for each 

bit. The second word is actual value (ACT) of speed and the rest data words are again 

freely mappable actual values. 

3.2 Controlling ACS800 and DCS800 Drives via PROFIBUS 

The ACS800 and the DCS800 drives both use the ABB drives communication profile and 

its state machine is shown in Fig 3.2. Both drives can be started in the same manner. In 

order to get into the state Ready To Switch On and get SW bit0 to one, CW 1142 must be 

given. CW 1143 moves drives into the state Ready To Operate and SW bit1 is turned to 1. 
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Next command 1151 starts the drive and moves it into the state Operating. Now SW bit8 

is turned to 1. 

 

 

Figure 3.2 State machine for the ABB drives communication profile. (ABB Oy 2007) 

 

ACS800 can be stopped in three ways: ramp stop is done by resetting the bit0 to zero, 

coast stop by resetting bit1 to zero, and emergency stop by resetting bit2 to zero. 

Because in this project DCS800 is the field excitator, it must be stopped without a ramp. 

The normal stopping is done in an inverse order compared to the starting procedure. 
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4. AUTOMATION PROGRAM’S IMPLEMENTATION INTO ABB’S AC500 LOGIC 

ENVIRONMENT  

AC500 uses ABB’s PS501 Control Builder as a program development software. Besides 

programming, the used hardware and fieldbus configurations are told with Control Builder 

to AC500. Control builder is based on Codesys, which is an IEC 61131-3 programming 

tool for automation systems developed by 3S-Smart Software. It contains five standard 

programming languages: Function Block Diagram (FBD), Instruction List (IL), Ladder 

Diagram (LD), Structured Text (ST) and Sequential Function Chart (SFC). (ABB 2011) 

 

In this project the main state machine and its states’ internal sequences, like start and 

stop sequences, are done with SCF. Inner functions of abovementioned state machines 

(e.g. calculations, changing control bits) are done with ST or FBD. LD programming 

language is used for controlling switches. 

4.1 Overview of PLC Program 

The automation system program contains several program organization units (POUs). 

One of the POU’s must be named PLC_PRG and if compared to C-language it’s like main 

function of the program (3S - Smart Software Solutions GmbH 2007). The PLC_PRG 

main POU is shown in Fig 4.1. It includes: 

 State_Machine POU, which controls start, stop and fault sequences  

 Switch RS function block, for start and stop signals of the control panel  

 INPUT POU, which includes control panel’s input/output signals 

 Error Checker POU, which watches communication errors between slave devices 

and PLC and also errors of ACS 800 and DCS 800  

 

All of the PLC_PRG’s blocks are performed with similar priority. This should enable 

cyclical error checking during the program execution, which can be improved by using 

different priorities for different blocks. 
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Figure 4.1 PLC_PRG POU that introduces the main state machine, start/stop switch and the input 

block. 
 

State_Machine POU is the highest level state machine, controlling the system operation 

and presenting the required operational logic. Its structure and contents are illustrated in 

Fig. 4.2. 

 

StartOnInit

Init

StartAction

StopAction

Fault
Error = TRUE

Reset command

Start 

command

Stop 

command

 

 
Figure 4.2 State_Machine POU driving the synchronous motor drive according to the user com-

mands. 

 

At first, when the program is started, the program executes the state named StartOnInit 

(see Fig 4.3). This is done only once in the program cycle. In this state, the program 

imports machine parameters like stator’s nominal current, voltage and frequency from the 

ACS800. The results are used later for calculating the field current reference for the 

DCS800. 
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Figure 4.3 StartOnInit and Init sequences. 

 

When results are received, the program steps into the Init state. In this state the program 

initializes variables. If error signals are noticed, the program moves to the 

Fault_Sequence. If there are no errors, the program will stay waiting for Start signal. 

 

When the Start signal is given, the program moves to the sequence named StartAction. 

This sequence starts the AC and DC drives in right order, first excitation with the DC drive 

and then stator current control with the AC drive after the time delay of 5 seconds if the 

magnetization current is at least 70 % of the nominal motor value. This is done to ensure 

that rotating stator field doesn’t induce voltage to rotor’s pole windings, because it can 

harm DC drive’s thyristors. After the conditions are filled the excitation current with 

function blocks mathop1 and magn_calc are activated. (See also Chapter 5.4). If there are 

no errors, speed and torque references can be inputted. Start sequence is described in 

detail in Fig. 4.4. 

 

 

 

Figure 4.4 StartAction sequence. 

 

If the Stop signal is given, the program will move into the Stop_Sequence. The drives will 

be stopped in right order, first stator current modulation with the ACS800 and then 

excitation with DC drive after a time delay of 5 seconds. This is done because of the same 

reason as in the starting procedure. If there are no errors, state machine will return into 
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the Init state. Error in the DC or the AC drive will move the program into the 

Fault_Sequence, as shown in Fig. 4.5. 

 

 

Figure 4.5 StopAction sequence. 

 

The Fault_Sequence stops the motor and drives in a controlled manner, depending on the 

type of error. In the case of ACS error, DCS is shutdown after a time delay of 5 seconds. If 

the DCS trips, then ACS is instantly shut down. The Reset signal recovers, only if it is 

possible, both drives and returns the program into the Init state. This is shown in Fig. 4.6. 

 

            

Figure 4.6 Fault sequence. 
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5. EXCITATION CURRENT CONTROL OF SYNCHRONOUS MOTOR 

Since direct torque control’s (DTC’s) primary control variable is the stator flux linkage 

vector, it lets the stator current to be formed freely. Consequently, excitation control 

cannot be directly connected to the stator current control. Because of this, a separate 

control of excitation current is needed in synchronous motors driven with a DTC drive. 

(Pyrhönen 1998) 

 

A good field excitation control method for a direct torque controlled synchronous machine 

drive is accomplished by using a fast open loop control with the field current calculation 

and power factor based feedback control. The block diagram of this is shown in Fig. 5.1. 

(Pyrhönen 1998) 

 

if,OL

PI

if,ref

te,ref

Ψs,ref

+

LPFΨsx is+ Ψsy isy

 

Figure 5.1 Field current controller containing both an open-loop control circuit and a power-factor-

based feedback control circuit. 

5.1 Calculation of Field Current Reference 

An electrical motor produces maximum torque, when all electrical power is converted to 

active power. In practice this means unity power factor for the motor. The unity power 

factor producing field current can be calculated, when machine inductance parameters lmd, 

lsd and lsq are known (Pyrhönen 1998): 

 

      
       

              
 

           
     

      
 
 . (5.1) 

 

Like mentioned before, the field current control can’t be directly done with the stator 

current is, because it is formed freely. Hence, calculation must be done with flux linkage 

Ψs and electrical torque te estimates provided by the DTC drive (In this case ACS800). 

When power factor is one, the stator current is 
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 . (5.2) 

 

The field current reference, which produces unity power factor, can be calculated on the 

basis of Eqs. (5.1) and (5.2): 

 

      
       

          
       

 

       
 

           
     

  
       

 

       
 

 . (Pyrhönen 1998) (5.3) 

 

Electrical torque and stator flux linkage estimates are got from the ACS800. Electrical 

torque is given as a percentage of its nominal value and flux linkage as a percentage of its 

base value in pu units. (ABB Oy 2007) Nominal torque Tn, Eq. (5.4), and flux linkage base 

value Ψb, Eq. (5.5), are not given directly by ACS800, but they can be calculated from 

motor’s nominal current, voltage, frequency, power factor and pole pair number 

 

            
               

      
 

 (Pöllänen 1999). (5.4) 

 

Flux linkage is given as a percentage of base value, which is base voltage Ub divided by 

the base angular speed 

 

            
  

  
 

  

      
 . (5.5) 

 

Base value of nominal voltage is defined as 

 

    
 

 
   (Pöllänen 1999). (5.6) 

5.2 Feedback Power Factor Control  

Field current control circuit also includes a feedback control loop that attempts to adjust 

the motor power factor to unity (See Fig. 5.1). It includes low pass filter because the 

feedback signal can contain erroneous. The unity power factor control and minimum stator 

current is achieved when the scalar product of stator current vector is and the stator flux 

linkage vector Ψs is zero, which means that they are orthogonal. Error signal for PI 

controller that is related to the motor sin φ can be calculated 

 

                      . (Pyrhönen 1998) (5.7) 
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The control is realized with a PI controller having the error signal ε as its actual input 

value. Since the integrating part of the PI controller may saturate, also an anti wind-up 

algorithms has to be used in the controller implementation. 

5.3 Implementation of Controller into AC500 PLC 

The open-loop field current calculation is implemented with the function block called 

mathop1, which is shown in Fig. 5.2. This block calculates the output field current 

reference i_f with inputs Flux, L-sdi, L_sqi, L_mdi, T, p, kri, cosphin, In, un, fn. Also L_md 

and Fluxb, which is the flux base value, are determined for the magnetization level 

calculation. 

 

 

Figure 5.2 Function block diagram for the open-loop field current calculation. In_ACS, Un_ACS 

and fn_ACS are fieldbus scaled variables, which is why they are converted to real 

variables before inputting to the mathop1 function block. 

 

In the POU magn_calc the excitation current reference is calculated for the DCS800 and 

magnetization level for the ACS800. The excitation current reference value is the sum of 

PI controlled feedback and the calculated open-loop field current reference. 

MOT_SIN_PHI_CALC calculates the equation 5.7 and its output is filtered since it 

contains ripple. The field current reference has been limited between 30% and 200% of its 

nominal value, as shown in Fig. 5.3.  
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Figure 5.3 Function block diagram for the PI control of the excitation current reference. 

 

The PI controller is realized with the controller block CTRL_PI, which is available in 

OScat’s Open Source Library 3.32. This block is used instead of the standard CodeSys 

controller because it contains a dynamic anti windup feature (OSCAT 2011). The limited 

field current is scaled to a fieldbus equivalent value by dividing it with its nominal value 

and with 10000 (ABB 2008). Finally, it is sent to the DCS800 via the global variable 

REF_DCS.  

 

The ACS800 frequency converter uses the permanent magnet software, so it assumes 

the magnetic state of the rotor to be constant. Now when the motor is electrically excited, 

the magnetic state of the pole windings must be told to the ACS800. This is done with the 

PM software’s parameter Magnetization level. Magnetization level of the synchronous 

motor is determined by calculating the field current produced stator flux reference level 

according to Eq. (5.8), where kri is the reduction factor and Lmd is the d-axis magnetising 

inductance: 

 

                   . (5.8) 

 

The flux reference level is compared with the base value of the stator flux, and then 

scaled to the fieldbus equivalent value by multiplying it by 1000. Then, it is sent to the 

ACS800 via the global variable MAGN_LEVEL_ACS. 

5.4 Reduction Factor 

Rotor and stator quantities should be reduced in same voltage level, when using the two-

axis model in the motor control. Reduction is made using the reduction factor kri, which is 

ratio between the stator current and the rotor excitation current. It considers rotor and 
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stator numbers of turns in series per phase and the winding factors for the fundamental 

wave. The reduction factor is defined as 

 

    
  

  
 

        

       
 . (Kaukonen 1999) (Pöllänen 1999) (5.9) 

 

The calculated field current reference must be divided with the reduction factor kri., 

because the calculation of if,OL uses stator values, and if,ref is a rotor value. 
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6. CONTROL OF PLC PROGRAM 

The PLC program and consequently the motor drive can be controlled locally from the 

control panel or remotely via fieldbus by using specific control words. The Fig 6.1 

demonstrates this.  

6.1 Remote Control with CW and SW 

In industry synchronous motors are usually controlled by a higher automation system. 

Therefore the fieldbus control is included to the automation concept. According to request, 

the fieldbus control is made to match ABB drives communication profile (Fig 3.2) with 

some simplifications. The motor can be stopped only in one manner, and the emergency 

stop and the emergency off are not included in the PLC program. 

 

ACS500

DCS800ACS800

CW and 

REF 

value

CW and REF value

SW and 

ACT 

value

SW and ACT value

SW and 

ACT 

value

CW and 

REF 

value

Control 

panel

Process 

control

 

Figure 6.1 Automation concept’s communication and control.  

 

The CW and the SW are size of 16 bits and every bit correlates something specific 

command or state of the automation concept. More of the CW’s and SW’s functionality is 

told in chapter 3.1. For reference and actual values of torque and rotating speed is 

reserved variables type of word. Fig 6.1 demonstrates the data transfer and control of the 

automation concept.  
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6.2 Local Control 

The local control with the control panel is done with the POU named Control_panel. It 

inputs right control words in right order into the state machine of the program, depending if 

the motor is wanted to stop or launch. The control panel is build with CodeSys’s 

visualization tool and it is shown in Fig. 6.2. It includes example buttons for START and 

STOP, monitors for speed, torque and errors and input fields for speed and torque 

reference. Visualization tool simply links buttons and monitors to the some specified 

variable of the system. 

 

 

Figure 6.2 Control_panel, which includes switches for START, STOP and REM. PI_off and 

PI_reset are for testing purposes. 
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7. SUMMARY 

This thesis was done as a part of the research, which goal was to design an automation 

concept for the electrically excited LV synchronous motor, where ABB’s ACS800 

frequency converter controls the stator winding and an ABB DCS800 DC drive excitates 

the rotor’s pole windings. Three bachelor’s theses have been done of this research, of 

which this work concentrates to implementation of the automation concept into ABB’s 

AC500 programming environment. 

 

The automation program was developed as a state machine with the ABB’s PS501 

Control Builder software. There are five clearly separate states in the state machine: 

StartOnInit, Init, StartAction, StopAction and Fault. In state StartOnInit machine 

parameters are got from the drives and there is visited only once at the beginning of the 

program. In the Init state variables are initialized, in StartAction the drive is started 

according to ABB drives state machine and in the StopAction the drive is stopped 

correspondingly. If some error has occurred the state machine stops immediately the 

execution of current state and steps into the Fault state where the whole drive is stopped 

safely and as soon as possible.  

 

For controlling the automation program is developed a fieldbus control and with CodeSys 

Visualization Tool the local control with a control panel. The fieldbus control is done to 

correspond the ABB drives communication profile and the control with local control panel 

is implemented with function block Control_panel which feeds the right control words to 

the system. 

 

Since DTC’s primary control variable is the stator flux linkage vector, it lets the stator 

current to be formed freely. Consequently, excitation control cannot be directly connected 

to the stator current control. Olli Pyrhönen has shown in his doctoral thesis (Pyrhönen 

1998) an efficient method for the excitation control. It consists of the fast open loop control 

with the field current calculation and the power factor based feedback control. The open 

loop field current calculation is implemented as a function block. The feedback control is 

implemented with Control Builder’s Function Block Diagram (FBD) and PI controller 

provided by OScat’s Open Source Library 3.2, because it contains a dynamic anti windup 

feature.  

 

The automation concept will be improved so that tasks of PLC_PRG POU will be dropped 

to their own time level. With these changes the calculation time of the excitation current 

control can be defined accurately. An alternative method for feeding DC current into the 
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pole windings has also been considered. In this method the dc current would be directly 

taken from ACS800’s intermediate circuit.     
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