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Abstract: 

This report describes the work of developing a rapid prototyping system for Permanent 

Magnet Synchronous Motors using LabView FPGA at ABB Corporate Research in 

Västerås. The aim of the rapid prototyping system is to serve as an additional tool to 

simulation when evaluating new control algorithms for mechatronic applications. Using 

LabView FPGA, Field Oriented Control is implemented for a single axis and a multi axis 

system on the sbRIO 9632 development board from National Instruments. The aim is to 

develop a controller for multiple axes while optimizing the use of system resources. 

The report presents the work of testing and evaluating the implementation of the single 

axis system. The system will be tested in a laboratory test bench to verify its 

performance. The laboratory results are compared and verified against 

MATLAB/Simulink simulations of the system. Using the results from the single axis tests 

as a benchmark the multi axis system is verified and evaluated. 

The implemented systems proved to provide good regulation of the motor currents for 

both the single axis and the multi axis system. 
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1 List of Abbreviations 

DMA Direct Memory Access 

FPGA Field Programmable Gate Array 

PPC PowerPC (Performance Optimization With Enhanced RISC – Performance 
Computing) 

RTOS Real-Time Operating System 

FIFO First In First Out memory 

PCI Peripheral Component Interconnect bus 

VI Virtual Instrument 

sbRIO Single Board Reconfigurable Input Output 

PC Personal Computer 

RT Real-Time 

FOC Field Oriented Control 

BLDC Brushless DC motor 

PMSM Permanent Magnet Synchronous Machine 

EDCM Equivalent DC Motor 

DSP Digital Signal Processor 

ADC Analog to Digital Converter 

PID Proportional Integral Derivative regulator 
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2 INTRODUCTION 

To develop a Rapid Control Prototyping system several studies are being performed at 

ABB Corporate Research in Västerås, where the goal is to develop a multi axis Rapid 

Control Prototyping system for Brushless DC motors. The system is intended to serve 

as an additional tool to simulation when testing new control algorithms for mechatronic 

applications. The platform used for development is the sbRIO-9632 board from National 

instruments. The board holds a Xilinx 2M gate Spartan III FPGA and a Freescale 

MPC5200 PPC real-time processor running at 400 MHz along with several digital I/O:s 

[9]. To program the platform the LabView graphical program language from National 

Instruments is used. 

The aim when using rapid prototyping is to quickly deliver a working prototype of the 

control system that can be tested and compared to simulation results. By comparing 

simulation results to results from an actual system, physical phenomena such as 

magnetic disturbances and variations in the hardware can be detected. It can also 

contribute to the development of more accurate models of the system which reduces 

the development time of a control system. In order to follow the rapid prototyping 

workflow, see Figure 1, it is important that the system presents as much process data 

as possible to the user. 

 

Figure 1 Rapid prototyping workflow 

In previous studies a single axis motor controller has been developed using Field 

Oriented Control (FOC) with feed forward and PI control. The algorithms have been 

implemented entirely on the FPGA which have proved to introduce some problems. One 
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issue is the resources available on the FPGA, in particular the number of dedicated 

multipliers available in the FPGA [1][2]. In this report the existing single axis system will 

be revised and thoroughly tested and verified in a laboratory test bench. The results will 

be compared to simulation results and proved to provide correct functionality. Also, a 

method to scale the controller to control multiple axes in an optimized way is developed. 

The multi axis system is tested and benchmarked against the single axis system to 

verify its functionality. 

List of objectives when testing the single axis system: 

 Verify resolver data 

 Verify phase currents and ADC readings 

 Verify the functionality of the feed forward controller 

 Test the controller with different frequencies of the PWM signals 

 Analyze the speed of the system by studying the step response of Iq 

 Measure the steady state error  

 Estimate the system bandwidth 

 Verify rated torque, stall torque, rated power and rated current at rated speed 

stated in the data sheet of the motor 

 Verify the torque constant stated in the datasheet of the motor 

List of objectives when testing the multi axis system: 

 Verify that the calculations are performed individually for the motors in the 

system 

 Verify that the controller can deliver the same speed and torque for different Iq 

reference values as the single axis controller 

Apart from the bullets stated above, the execution time of the different loops in the 

system will be investigated to show the theoretical maximum sampling frequency of the 

controller. 

In section 0 the hardware used in the project is described. The implementations of the 

systems are found in section 4 and the implemented Simulink models are found in 

section 5. In section 0 and section 0 the testing and results are described and finally in 

section 0 and section 0 a discussion and conclusions are provided. 
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2.1 Field Oriented Control 

Field Oriented Control was developed in the early 70:s and has become one of the most 

commonly used schemes for controlling BLDC:s or PMSM:s as the availability of fast 

and cheap DSP:s and microcontrollers has increased. The algorithm is based on two 

transformations of the force vector generated by the currents passing through motor 

windings and hence requires significant computational power to be executed. Figure 2 

shows the structural overview of a field oriented control with PI and feed forward control. 

 

Figure 2 Structural overview of a FOC with PI and feed forward control 

In the first stage the currents passing through motor windings U and V in the three 

dimensional coordinate system [ia, ib, ic] are measured and projected onto the two 

dimensional [α, β] plane attached to the stator. This is calculated by using the Clarke 

transform described in equation (1) and (2): 

           (1) 

   
      

  
              (2) 

In the second stage the current vector is transformed to the rotating [d, q] coordinate 

frame attached to the rotor using the Park transform described in equation (3) and (4): 

                   (3)      

                    (4) 

Where θ = electrical angle of the motor 
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The park transform leaves the currents represented in the rotating [Id, Iq] frame where Id 

represents the motor flux and Iq represents the motor torque. To minimize the loss of 

effect in the motor the angle between the Id and Iq components of the vector should be 

constant at 90 degrees. By keeping the flux component to zero the torque component is 

parallel to the Iq axis and the highest possible torque is produced for any given current 

passing through the motor.  

 

Figure 3 Clarke transformation (left) and Park transformation (right) 

To regulate the torque and flux components two PI regulators are traditionally used. 

However, other regulating methods such as feed forward control or fuzzy logic can be 

used. The PI regulator regulating the Id component has a constant set point of zero 

while the set point for the PI regulating the Iq component has a variable set point, 

controlled manually or by an outer velocity loop. Hence, one can say that the torque of 

the motor is being regulated in terms of motor currents rather than regulating the 

currents directly. When regulating the components they are also transformed into 

voltages to later represent the phase voltages instead of phase currents.  

When the currents have been regulated and transformed into voltages they are 

transformed back into the three phase [ia, ib, ic] coordinate system using the inverse 

Park and inverse Clarke transforms. The inverse Park transform is derived by simply 

inverting the Park transform and is used to rotate the vector components back into the 

fixed [α, β] reference frame according to equation (5) and (6).  

                   (5) 

                   (6) 

Where θ = electrical angle of the motor 

In a similar way the phase voltages in motor winding U and V can be derived by 

inverting the Clarke transform. Since the current in the W winding of the motor is not 

represented in [α, β] coordinates in the Clarke transform, vc cannot be derived directly 

by inverting the equation. However, by applying Kirchoffs first law, saying that the sum 
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of all currents in a node is equal to zero, the phase voltage in winding W can be derived, 

see equation (7) to (9). 

          (7) 

   
        

 
    (8) 

          
        

 
  (9) 

2.2 Space Vector Modulation theory 

Space vector modulation is a method commonly used to control the three phase inverter 

bridge driving the motor. The method is based on dividing the [α, β] reference frame into 

six equal sectors, see Figure 4, and approximating the duty-cycle of three individual 

PWM signals. The appropriate sector, in which the reference vector lies, can either be 

derived from the [α, β] components directly or by first applying the inverse Clarke 

transform. 

Depending on in which sector the [α, β] reference vector lies a specific PWM pattern is 

created, used to drive the MOSFET transistors in the inverter. By applying the correct 

PWM pattern, currents are forced to pass through the motor windings and a three phase 

AC can be shaped. Figure 5 show the switching patterns for each of the base vectors. 

Space vector PWM provides good efficiency of the supply DC voltage compared to 

other modulation schemes, e.g. sinusoidal PWM. By viewing the three phase inverter as 

single unit instead of three separate transistor pairs, as in sinusoidal PWM, the voltage 

applied to the motor is increased form 
 

 
    to  

 

 
    [4]. 

 

Figure 4 Space vector base vectors 
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Figure 5 Inverter switching patterns 
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3 SYSTEM HARDWARE 

3.1 National Instruments single-board RIO-9632 

The NI sbRIO-9632 embedded device is designed to be used for embedded control and 

data acquisition applications.  It Features a 2M gates Field Programmable Gate Array 

(FPGA) from Xilinx and a 400 MHz real-time processor with 256 Mb non-volatile storage 

which makes the NI sbRIO-9632 board a powerful solution for applications where high 

performance and reliability are required [10]. There are 110 3,3V Digital I/Os, 32 16-bit 

analog inputs and four 16-bit analog outputs available on the device. The FPGA and the 

processor are synthesized and programmed respectively with NI LabView’s graphical 

programming tools. The host PC communicates with the board either through the built in 

10/100BASE-T Ethernet port or through an RS-232 communication serial port. A short 

summary of specifications can be viewed in Table 1 below. 

Table 1 Specifications of NI sbRIO-9632. 

NI sbRIO-9632 
Power requirements 

Power Supply Voltage Range 19-30V 

Power consumption (no load) 7.75W 

Network 

Network Interface 10BASE-T and 100BASE-TX Ethernet 

Compatibility IEEE 802.3 

Communication rates 10Mb/s, 100Mb/s auto negotiated 

Xilinx Spartan-3 Reconfigurable FPGA 

Logic cells 46 080 

Available embedded RAM 720 kb 

Dedicated Multipliers 40 

Freescale MPC5002B 

Processor 760MIPS at 400MHz 

PCI communication with FPGA 32-bit PCI-Address/Databus 

3.3V Digital I/O 

Input/Output channel 110 

Max. current per channel 3 mA 

3.2 Adapter board 

The Adapter board was designed to link all the essential parts of a motor controller 

system together. It was initially intended to be used together with the Xilinx Virtex 5 

development board. A new version has been designed and extended with a connector 

to interface the NI sbRIO-9631/9632 board. The adapter board powers the Tamagawa 

resolver board, the inverter board and the motor as explained in section 3.2.1 and 

section 3.2.2. 

3.2.1 Tamagawa Resolver board 

The central unit of the resolver board is a smart-coder device AU6802N1. The smart-

coder converts the resolver signals which encode the mechanical rotational angle into a 
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12-bit digital signal. The output can be acquired either through a 12-bit parallel interface 

or a Serial Peripheral Interface (SPI) bus. There are several test points available on the 

card for troubleshooting purposes.  

3.2.2 Inverter board 

The inverter board comprises a full three-phase inverter bridge. Six Vishay Siliconix N-

channeled MOSFETs are connected in a three armed bridge where each gate is driven 

by a high voltage three phase gate driver IC from International Rectifier. The gate driver 

has a built in protection against over-current and an over-temperature shutdown 

functionality. 

Two shunt resistors are connected in series with two outputs of the inverter bridge that 

connects to phase U and V of the motor. The phase currents are obtained through 

measurements of the voltage difference across the shunt resistors. These voltage 

differences are converted into two 12-bit digital signals through a two channel analog to 

digital converter (ADC). The currents passing through the phases are then calculated by 

Ohms law. The ADC data can only be acquired from the built in SPI communication 

bus. The board can be viewed in Figure 6. 

 
Figure 6 Three phase inverter board 
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4 IMPLEMENTATION 

During the developing process two separate systems were created. First the single axis 

system described in [1] and [2] was reassembled and thoroughly tested in a laboratory 

test bench, see section 7.2. Second, a multi axis system capable of controlling two 

motors individually was developed, see section 4.3.  

The test results from the test bench were compared with the results from a 

MATLAB/Simulink model of the system to verify the functionality and served as a 

benchmark test when evaluating the multi axis system. For a successful result the 

performance of the controller shall notot decrease when adding multiple axes. Both 

systems were designed using components developed in [1] and [2]. However, all 

components were tested and verified at implementation and some were modified to 

provide proper functionality. This section describes the implementation of the complete 

system on the FPGA. In section 4.1 the system design and implementation of the 

components are provided. Section 4.2 and section 4.3 provides a description of how the 

components are implemented in the single axis system and in the multi axis system. 

4.1 System design 

Both systems, i.e. the single axis system and the multi axis system, are designed using 

the components described in section 4.1.1 to section 4.1.7. The systems are designed 

as several loops executing in parallel. The communication between the loops is handled 

by dedicated memory areas in the block RAM memory, see Figure 7. For a rapid 

prototyping application it’s important for the user to be able to interact with the 

controller. Therefore, a user data memory area is added where user data such as PI 

and feed forward controller parameters are stored. It also holds the data that is of 

interest for monitoring, e.g. Id, Iq values and speed. The user data is stored in controls 

and indicators, displayed on the front panel for easy access.  

 

Figure 7 System design 

All calculations in the systems are performed using fixed point arithmetic. The fixed 

point data type is configurable to provide the accuracy needed to represent the data, i.e. 

FOC loop 

User data memory area 

Output 

Memory- 

area 

Motor interfaces 

Input 

Memory- 

area 
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the total number of data bits and number of integer bits can be modified. The fixed point 

representation for each of the variables can be found in Table 26 in appendix C.  

4.1.1 The Clarke transform 

The Clarke transform is implemented straightforwardly using LabView blocks. Figure 8 

shows the realization of equation (1) and (2) where A and B are the measured phase 

currents in winding U and V. The transform used is magnitude invariant, i.e. the currents 

maintain their amplitude after the projection onto the two dimensional [α β] plane. 

 

Figure 8 Clarke transform implemented in LabView 

4.1.2 The Park transform 

The Park transform is as the Clarke transform easily implemented. By using the Iα and Iβ 

derived in the Clarke transformation and the sine and cosine components of the motors 

electrical angle, Id and Iq are derived. The block component shown in Figure 9 

corresponds to equation (3) and (4).  

 

Figure 9 Park transform implemented in LabView 

4.1.3 Controllers 

To control the Id and Iq components two types of controllers are used, PI and a feed 

forward control. The feed forward controller is used to reduce the load on the PI 

regulators when the motor is running in steady state while the PI regulators are 
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designed to regulate the error produced by the feed forward controller and handle 

transients associated with sudden increases in speed or load. To obtain this 

functionality the feed forward controller and the PI controllers operate in parallel.  

4.1.3.1 PI controllers 

The PI controllers used are the built-in PID blocks described in section 4.3.1.4. Two PI 

regulators are implemented to regulate the Id and Iq values derived in the Park 

transform. The outputs from the regulators are calculated as a sum of equation (10) to 

(12). However, for this application no derivative term is used so the output is equal to 

the sum of up(k) and ui(k).  

                (10) 

            
           

 
  

     (11) 

                           (12) 

Where 

e(k) = set point(k) – PV(k) 

PV(k) = value of process variable on the k:th call after initialization 

4.1.3.2 Feed forward control 

Feed forward control is an open loop type of control, i.e. no feedback from the system 

controlled is used. The feed forward algorithm represents a model of the electrical 

dynamics in the motor, defined by the equation (13) and (14) [1]: 

   
       

    
    

 

  
        

    (13) 

   
        

         
    

 

  
      

   (14) 

Where  

Rs = line to line resistance in the motor 

Ld = Lq = line to line inductance in the motor 

i*sd = motor flux reference value 

i*sq = motor torque reference value 

ωs = electrical speed of the motor in rad/s 

λ = magnetic flux linkage of the motor  

For this application no field weakening is required, i.e. the motor flux reference value will 

always be set to zero. Hence, all terms holding the i*sd value can be removed from the 

equations resulting in equation (15) and (16). 

   
          

     (15) 

   
        

    
 

  
      

   (16) 
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Figure 10 Implementation of equation (19) and (20) 

In Figure 10 the implementation of equation (15) and (16) is shown. The data to be 

processed is read from the feed forward controls, see Figure 11, and passed into the 

algorithm. Along with the data read from the controls the i*sq value from the previous 

iteration of the loop is read from a block memory for the derivative term. To synchronize 

the signals being passed into the algorithm a sequence is used.   

 

Figure 11 Feed forward controls 

4.1.3.2.1 Derivative term of Uq 

One problematic part of the feed forward algorithm is the derivative term    
    

 

  
. When 

using the algorithm in a multichannel application, i.e. when the controller is used to 

control multiple entities, the previous value of i*sq must be stored in a safe way. To 

achieve safe storage a case structure along with a block RAM memory is utilized. For 

each case the previous value of i*sq is fetched from a predefined address in the memory, 

selected by the Channel index where the channel index corresponds to an individual 

motor. When the previous i*sq value has been collected the current i*sq value is written to 

the same memory address.  
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To calculate the derivative of i*sq the previous value is subtracted from the current value. 

The result is multiplied by 
 

  
, i.e. the sampling frequency of the control loop in Hz, 

resulting in the value corresponding to 
    

 

  
.  

This solution introduces a problem if the difference between the old i*sq and the current 

i*sq is large. If the difference is large, the derivative will be large and might cause 

numerical problems in the fixed point representation. However, when viewing the feed 

forward controller as a part of a complete system, it will be used together with a speed 

controller and a path planner. The outer control loops will gradually increase or 

decrease i*sq according to a torque profile, i.e. no large leaps in the i*sq value, If the 

reference value increases gradually the derivative term will not cause any problems. To 

prevent problems when testing the system without the outer loops a saturation function 

was added that holds output from the derivative term in the interval -16 to 15,99. Thus, 

no overflow can be expected in the integer part of fixed point representation while 

maintaining good resolution in the decimal part when adding the derivative term to the 

Rs*i*sq term. 

4.1.3.2.2 Deriving the Feed Forward parameters 

Depending on what motor is to be controlled, different parameters must be applied to 

the feed forward algorithm. The data to be used when deriving the parameters are 

found in the data sheet of the specific motor. For the Rs and Lq parameters the line to 

line values should be used and can be derived by using equation (17) and (18). 

   
     

   
    (17) 

   
     

   
    (18) 

The formula for deriving lambda is shown in equation (19). Note that the rated current 

must be represented in its peak value. The algorithm shown in Figure 10 requires that 

the data in speed_ref represents the electrical angular velocity. However, if only the 

mechanical angular velocity is available it can be converted to the electrical angular 

velocity by applying equation (20). Moreover, the algorithm also requires that the data in 

Iq_ref , i.e. i*sq, is represented in peak value. 

  
            

                        
   (19) 

                     (20) 

Where np = number of pole pairs in the motor 

4.1.4 The inverse Park transform 

To rotate the regulated voltages derived from the regulators back to the static [α β] 

reference frame the inverse Park transform is used. The transform uses the Vd and Vq 
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values provided by the regulators along with the same sine and cosine values as the 

Park transformation to perform the operations corresponding to equations (5) and (6). 

Figure 12 shows the implementation of the equations. 

 

Figure 12 Inverse Park transform implemented in LabView 

4.1.5 The inverse Clarke transform 

For this project a modified version of the Clarke transform is used. Compared to 

equations (7) to (9), Vα and Vβ component are inverted, thus resulting in a 90° counter 

clockwise rotation of the reference vector. By using the modified inverse Clarke 

transform, the SV- modulation generation becomes more straightforward and requires 

fewer calculations [11]. Equations (21) to (23) show the modified inverse Clarke and 

Figure 13 shows the implementation of the equations. Similar to the Clarke transform, 

the version used is magnitude invariant. 

          (21) 

   
        

 
    (22) 

          
        

 
  (23) 

 

Figure 13 Modified inverse Clarke implemented in LabView 
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4.1.6 Space vector modulation generator 

The space vector modulation generator uses the output from the inverse Clarke 

transformation to determine in which sector the voltage vector lies. To determine the 

sector the value of va, vb and vc, denoted Vr1, Vr2 and Vr3 in Figure 14, are used. If the 

value is greater than zero the respective bit is set to one in a three bit number. The 

number is then used to select in which sector the vector lies according to Figure 4. 

 

Figure 14 Space vector modulation generator 

Depending on the sector the PWM on-times T1 and T2 is extracted from X,Y,Z, 

calculated according to equation (24) to (26). 

         (24) 

             (25) 

             (26) 

When the on-times have been extracted T1 and T2 are scaled to a corresponding ratio of 

the PWM period and the individual on-times for three phases are derived as a 

combination of T1 and T2, see equation (27) to (29). 

     
                    

 
    (27) 

     
                    

 
               (28) 

     
                    

 
               (29) 

After deriving the individual on-times for the phases the values are applied to the correct 

phase, depending on in which sector the vector lies [11]. In the final stage the on-times 

are converted into a center aligned PWM by subtracting each on time from the PWM 

period and the off-time for each phase is derived by dividing the on-time in two.  

The final stage is used to adapt the algorithm to the FPGA. The algorithm used, 

described in [11], is adapted to be used in a DSP where the calculated on-times are 
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compared to an internal PWM counter.  When the counter reaches the value of Ta, Tb 

and Tc the output from each PWM generator is inverted meaning that what actually is 

being calculated is the off-time, see Figure 15. However, in the FPGA no PWM counter 

is used so the on and off times for the PWM signal must be inverted.  

 

Figure 15 PWM generation in a DSP 

To verify the functionality of the space vector modulation generator it was used together 

with the inverse Clarke. By monitoring the output from the generator when manually 

entering the [α β] coordinates for each of the base vectors, see Figure 4, the PWM 

patterns can be created. To provide the proper PWM patterns according to [4], the 

output for the six sectors should correspond to Figure 16. 

 

Figure 16 PWM patterns for the six sectors. The figure shows one period of the PWM signals 
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4.1.7 Motor interfaces 

To interface the motors to the FPGA a set of VI:s is required. The VI:s are used to either 

actuate the motors or read sensor data from the motors.  

4.1.7.1 Reading ADC:s measuring motor  currents 

To obtain data from the ADC:s measuring the motor currents in the inverter board the 

current measuring scheme described in [1] is used. The current data in winding U and V 

are read from the ADC:s via a SPI bus and is represented as a 12 bit number. When all 

data is read from the ADC:s the number is scaled to represent a current between -8 to 8 

amperes and stored in block RAM memory, see Figure 17. 

 

Figure 17 ADC interface with current scaling 

4.1.7.2 Motor position data from a resolver 

For position feedback a resolver is used along with the motor. The resolver provides two 

analog voltages representing the sine and cosine of the motors mechanical angle. To 

interpret the signals the AU6802 Smartcoder from Tamagawa Seiki Co. is used. The 

smartcoder provides the excitation signal for the resolver and converts the resolver 

output to a 12 bit number, representing the mechanical angle. In order for the FOC 

algorithm to function properly it is important to obtain correct data about the motors 

position. If erroneous data is received it will cause the system to derive a faulty electrical 

angle and hence deploying a faulty pattern from the SV-PWM generator. The 12 bit 

number is read from the smartcoder via an SPI interface and is converted into sine and 

cosine of the electrical angle, see Figure 18. The number is also converted back into the 

motors mechanical angle for monitoring and stored in a FIFO to be used in speed 

calculation, see section 4.1.7.2.1. When the number has been converted it is stored in 

the block RAM memory as well as displayed in indicators.  
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Figure 18 Interface to the Tamagawa smartcoder 

4.1.7.2.1 Speed calculation from resolver data 

The electrical angular velocity of the motor is calculated by adding ten consecutive 

resolver readings stored in a FIFO and calculating the average speed over those 

readings. The result is presented in radians per second, see equation (30).  

    
     

          
          

      (30) 

Where  

Tsr= resolver sampling period 

np = polepairs of the motor 

pos = motor position from resolver 

To correct the error induced when the resolver passes the zero position the method 

described in [1] is used. The difference between the current resolver value and the last 

resolver value is compared to two constants that represent the largest difference that 

can occur in either direction of rotation, see equation (31). However, in this 

implementation the constants are larger than required to support slower sampling rates 

of the resolver. If the difference is larger or smaller than the constants one revolution, 

i.e. 4095, is subtracted or added to the result, see Figure 19.  

           
    

  
       (31) 
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Figure 19 Speed calculation loop 

4.1.7.3 PWM generation 

To generate the PWM signals for the inverter bridge, three parallel sequence structures 

are used. The PWM signals are created by assigning the output pins a boolean true or 

false value followed by a wait time derived in the SV- modulation generator, see section 

4.1.6. After the wait time a new value is assigned to the output followed by a wait, thus 

creating the PWM patterns. The PWM generator also generates the synchronization 

signal for current measurements. 

The value of the PWM signals for the upper and lower transistor in each transistor pair 

is always assigned the opposite value of each other to avoid that both transistors are 

open simultaneously, creating a short circuit in the inverter bridge, see Figure 20. 

However, the transistors do not open and close instantly at a change in the PWM signal, 

i.e. rise time and fall time, which might cause a short shoot through at each switching.  

 

Figure 20 PWM generation with synchronization signal for current measurements 
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Dead time is introduced in the PWM signals to avoid shoot through where booth signals 

are set to low for a short period, allowing the transistor in open state to close before the 

transistor in closed state opens, see Figure 21. In this implementation the dead time (td) 

cannot be greater than a few percent of the PWM period or it will affect the frequency of 

the PWM too much, reducing the performance of the controller. However, if the dead 

time is compensated for in the SV- modulation generator it can be increased. 

 

Figure 21 PWM signals for one transistor pair with (right) and without (left) dead time 

The driver circuit on the inverter board uses inverted logic to drive the signals for the 

transistor gates. Therefore, the output from the PWM generator must be inverted in 

order to provide the correct PWM signals for the transistors  

4.2 Single axis system 

The single axis system is implemented as a main loop where the components Clarke, 

Park, regulators, inverse Park, inverse Clarke and SV- modulation generator are 

included as sub VI:s. In each sub VI the controls and indicators are connected to the VIs 

connector pane, creating input and output ports to VI.  

 

Figure 22 Implementation of the FOC loop on the FPGA 
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The system shown in Figure 22 is a revised version of the system developed in [1] and 

[2]. However, a few changes have been introduced to the system. 

 Block RAM memories are used to hold the data passing in and out of the loop 

 A sequence structure has been added to synchronize signals 

 The fixed point representation has been revised to assure no overflow when 

reaching high currents 

 A revised version of the feed forward controller has been added, see section 

4.1.3.2 

The sequence used to synchronize the signals is divided in five frames. In the first 

frame the period of the loop (Ts) is set where the period is defined in system ticks and 

can be calculated according to equation (32).  

                              (32) 

In the second frame all data to be used in the calculations are read from the input block 

RAM memories and the front panel, i.e. current data, resolver data and user data. The 

Clarke and Park transformations are also performed. In the following frames the data is 

subsequently regulated and further processed by the regulators, inverse Parke, inverse 

Clarke and SV- modulation generator before it is finally written to the output block RAM 

memory. Note that in the fourth frame the Vd and Vq components are multiplied by a 

scaling factor to normalize the vector to the DC supply voltage for the inverter. For 

further details, see section 4.4. 

To interface the inverter bridge and the sensors to the FPGA the components described 

in section 4.1.7 are included in three parallel loops as sub VIs, see Figure 23. A 

separate loop is implemented to turn the inverter on and off and change the dead time 

at runtime.  

 

Figure 23 Motor interfaces running in parallel to the FOC loop 

To monitor data and manipulate parameters, indicators and controls are placed at the 

front panel, see Figure 24.  
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Figure 24 Front panel for the single axis system 

In a rapid prototyping application it is desirable to be able to look at the data present in 

the controller graphically. The FPGA module in LabView does not provide the possibility 

to graphically present data. Therefore, the data must be transferred to another 

processor to be displayed in a graph. In this application the data is transferred to the 

PPC where the data can be presented in graphs using DMA FIFOs, see Figure 25. The 

sbRIO board holds three onboard DMA-channels which limit the number of DMA FIFOs 

to no more than three. However, one FIFO can be used to transfer multiple types of 

data. This method requires that the developer keeps track of the order in which the data 

is written to the FIFO or the data will be scrambled when presented. 
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Figure 25 Loop for writing data to the FIFOs 

4.3 Multi axis system 

When controlling multiple motors with the FOC algorithm, the same calculations are 

performed for all motors but with different data. If a method can be developed where 

one FOC loop can perform the calculations for all motors it would greatly reduce the 

number of required resources for a multi axis control system. However, during the 

development of the multi axis system several approaches were considered. 

 Developing a system where the calculations are distributed between the FPGA 

and the PPC. 

 Developing a system with one FOC loop for each axis 

 Developing a system where one FOC loop on the FPGA performs the 

calculations for all axes sequentially 

 Developing a system where one FOC loop on the FPGA performs the 

calculations for all axes but for multiple axes simultaneously.  

In order to determine which method to use, a series of tests were performed on the 

sbRIO platform, see section 4.3.1. The aim of these tests was to investigate and 

evaluate the possibilities and limitations of the platform when developing a multi axis 

control system using LabView. 

The results from the initial tests showed that the first two options above would not be 

possible due to low performance in the PPC and timing problems on the FPGA. 

Therefore, an attempt was made to develop a system where the calculations were 

performed for all motors simultaneously but at different levels of the loop using shift 

registers, see Figure 26. However, the method proved to suffer from synchronization 

problems and a fast growing complexity so the option was abandoned. Instead a 

solution where all calculations were performed by one single FOC loop in serial was 

chosen.  
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Figure 26 Multichannel FOC loop with shift registers 

The control loop was designed in a similar way as the loop in the single axis system, 

see section 4.2, with the difference that the data to be processed had to be collected 

from different memory addresses. To solve the problem with reading data from different 

addresses a simple case structure and counters were used. Each iteration of the loop 

the counter changed the value used to select case, see Figure 27. This method is used 

in all loops where data for multiple axes is being processed. When testing the system 

only two motors were used so only two cases were needed. To facilitate the case 

selection a boolean counter was used that was negated each iteration of the loop. 

However, when adding more motors to the system the counter should be changed to a 

numerical counter and more cases can then be added.  

 

Figure 27 Case structure with boolean counter 
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The design of the multi axis system follows the same design principle as the single axis 

system with several loops executing in parallel. To save resources on the FPGA the 

scaling of resolver data and current data has been moved from the separate VIs to two 

scaling loops, as can be seen in Figure 28.  

 

Figure 28 Overview of the multi axis system 

The scaling loops are implemented to continuously execute the scaling algorithm on the 

data most recently read form the sensors, see Figure 29 and Figure 30. The loop period 

has been set short to minimize the delay time induced when processing the data in an 

additional loop and can be calculated according to equation (32). 

                               

 

Figure 29 Current scaling loop 
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Figure 30 Resolver scaling loop 

In Figure 31 the final multi axis FOC loop is shown. The design is much similar to the 

single axis system with the addition of case structures and counter. Using this design, 

the FOC loop, see Figure 28, operates as a processing unit where data is shifted in and 

out of the loop which only requires that one set of resources is allocated at compilation. 

However, it also requires that the loop must be executed at the sampling rate for each 

individual motor times the number of motors in the system, i.e. more motors mean lower 

sampling rate for each individual motor. In section 7.3 an analysis of the execution time 

of the loop is provided to show the minimum loop period possible.  

 

 Figure 31 Multi axis FOC loop 
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4.3.1 Initial tests 

This section of the report provides a description of the tests performed on system 

features considered key features when choosing a method for the final solution. To 

determine which approach to use a series of tests were performed. In section 4.3.1.1 

the performance of the DMA communication between the FPGA and the PPC is 

evaluated and in section 4.3.1.2 an estimation of the PPC performance in provided. 

Section 4.3.1.3 provides an overview of how the utilization of FPGA resources is 

affected when more dedicated multiplicators than available are required and finally in 

section 4.3.1.4 the functionality of the built-in multichannel PID blocks is verified. 

4.3.1.1 DMA communication performance 

To evaluate the performance of the built-in DMA functions in LabView a test program 

was designed to measure the time consumed when sending data from the FPGA to the 

processor and back. The LabView FPGA-module contains built-in functions for 

designing FIFO-blocks, intended for DMA communication between the FPGA and a 

remote host computer. The FIFO-blocks are implemented in logic on the FPGA and can 

be accessed remotely via an onboard PCI-bus.  

When using DMA communication, each FIFO block has a dedicated direction of data 

transfer; either from the FPGA to the host (in this case the PPC) or from the host to the 

FPGA. Hence, two FIFO blocks had to be implemented for two way communication. 

Using this setup, one onboard DMA channel will be used for transferring data from the 

FPGA and one channel will be used for transferring data to the FPGA. The size of the 

FIFO and the data type of the elements stored in the FIFO is static and specified at 

implementation. The elements size was chosen with respect to internal architecture of 

the processor, i.e. 32 bit [3]. 

4.3.1.1.1 Program design for testing the DMA performance 

The FPGA VI was designed as a while loop running continuously with a period of one 

second. Inside the while loop a sequence of operations is performed, see Figure 32. In 

the first step of the sequence the number of system ticks since startup is recorded 

followed by a write operation to the FIFO block. The FIFO write operation has a zero 

tick time-out variable, meaning it times out instantly if there is no space available to 

write in the FIFO.  

 

Figure 32 FPGA VI for testing the DMA performance 
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When reading from the FIFO the operation has a time-out variable of -1, representing 

no time-out and the program waits until there is something to read from the FIFO. 

Finally, the system clock ticks are recorded again and the number of ticks spent in the 

loop is derived by subtracting the first reading from the second reading. This method 

induces a small error in the result due to the fact that it takes a few ticks to move 

between the frames in the sequence. However, compared to the total time spent in the 

loop this error can be ignored. When testing the performance of sending more than one 

element, two for-loops were added around the write and read operations, where one 

element is written or read each iteration of the loop. The performance was tested for 10, 

50 and 100 iterations. One additional test was also made to estimate the time it takes 

for the FPGA to write one element to the FIFO, this test was performed using the same 

method as described above. 

To assure that the loop is completed, the value of the element was set from a control in 

the front panel. When an element is read from the FIFO it is displayed in an indicator on 

the front panel along with the number of ticks spent in the loop.  

The VI running on the PPC is designed to read a specified number of elements from 

“input” FIFO and return them instantly to the “output” FIFO, see Figure 33. The Read 

operation waits until it can read the pre-specified number of elements and writes them 

to the “output” FIFO as an array of elements. When testing the performance of multiple 

elements, the Number of elements variable was adjusted to the same value as the loop 

count on the FPGA. 

 

Figure 33 PPC VI for testing the DMA performance 

4.3.1.1.2 Results from DMA tests 

Figure 34 show the results obtained when sending elements from the FPGA to the PPC 

and back. For each test ten values were recorded and an average was calculated. The 

data type of the elements used is Unsigned 32.  

The results indicate that the LabView environment introduces lots of overhead on the 

PPC. By viewing the graph in Figure 34 one can see that the time it takes to send data 

from the FPGA to the PPC and back is linear to the number of elements sent. By 

studying the equation for the trend line it can be concluded that the transmission time 
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for sending one element is approximately 0,7 µs and the overhead on the PPC is 

approximately 120 µs. The overhead in the system corresponds to the time it takes to 

transfer the data from the built in DMA controller in the PPC to the program. 

Table 2 Time to write one element to the FIFO 

On FPGA Time  

Write one element to FIFO >1 µs 

 

 

Figure 34 Results from DMA performance tests 

The results shown in Figure 34 can be used to estimate the bandwidth of the DMA 

communication. By using the time it takes to transfer one element to the PPC and back 

to the FPGA the bandwidth can be calculated according to equation (33). 

          
              

               
   (33) 

The size of the element must be multiplied by two since the time is measured for two way 

communication. To represent the bandwidth in bytes per second the element size is divided by 

eight.   
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When entering the values seen in the column for one element in Figure 34 in equation 

(33) the result is: 

          
    

             
                     

When calculating the bandwidth according to equation (33) the overhead on the PPC is 

included in the calculations. However, to calculate the bandwidth of the PCI bus alone 

the overhead can be subtracted from the transfer time. Assuming that the overhead is 

constant for any number of elements the bandwidth can be calculated according to 

equation (34).  

          
                               

                          
  (34) 

When entering the values for transferring one element in equation (34) the result is: 

          
        

                        
                      

As can be seen in the results from the calculations above the speed of the PCI bus is 

sufficient for transferring large amounts of data. However, the overhead induced by 

LabView on the PPC reduces the speed too much to use the PPC for any high speed 

calculations. 

4.3.1.2 Performance of PPC real-time processor 

In an attempt to estimate the utilization of the CPU when running a relatively simple 

program, the existing feed forward controller was converted to run on the PPC instead 

of the FPGA. The program was implemented as a Real-Time task with the LabView RT-

module library. To implement Real-Time systems LabView RT-module uses the 

VxWorks RTOS as a platform where developers can implement the tasks [9]. The tasks 

are implemented as timed loops where the loops can be assigned the appropriate 

attributes such as period, priority and deadline. 

To minimize communication overhead no front panel communication was used. A host 

VI was developed to run on the PC where all controls and indicators were placed. The 

communication between the PC and the PPC is handled by network-published shared 

variables, shared via the Ethernet connection between the sbRIO-board and the PC. 

The variables were configured in such a way that they do not affect the real-time 

properties of the task.  

4.3.1.2.1 Feed Forward Controller running on the PPC 

The feed forward controller was converted to operate on the PPC. In the existing 

version of the controller all calculations were performed by using fixed-point arithmetic, 
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the PPC on the other hand uses double precision floating-point arithmetic [3]. Hence, all 

variables and operators were changed to support the double data type.  

To measure only the time consumed when performing the calculations a sequence was 

added around the operators. Time was measured in the same way as described in 2.1., 

with the difference that time is displayed in µs instead of ticks. Since the objective of this 

test did not include communication with the host PC, all operations on the shared 

variables was handled outside the sequence, see Figure 35. Tests were also performed 

with the communication included in the measurements but the results were very 

unstable. For comparison the original code was run and measured on the FPGA. The 

period of the timed loop was set to one second in order to be able to view the result of 

the measurement.  

 

Figure 35 PPC VI for testing the feed forward Controller 

For communicating with the PPC a VI was developed to run on the host PC. From the 

host VI all shared variables can be manipulated. The loop is set to run at the same 

periodicity as the PPC VI but without any real-time properties.  

4.3.1.2.2 PPC performance results 

Table 3 shows the results from timing calculations when running the feed forward 

controller on the PPC.  

Table 3 Execution time for feed forward controller running on the PPC 

 Ticks Time (µs) 

Only calculations  83-84 

Calculations and communication  ~250±100 

On FPGA 12 0,3 
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In Table 3 it is shown that it is not possible to run tasks such as the feed forward 

controller fast enough on the PPC. Just considering the calculation time it would take 

249-252 µs to perform the calculations for three motors, translating into a frequency of 

approximately 4 kHz. Adding the communication with the FPGA would reduce that 

frequency even more.  

4.3.1.3 FPGA utilization when using numerous multiplications 

One of the biggest issues of the existing single axis system is the use of dedicated 

multipliers on the FPGA [1]. The FPGA holds a number of dedicated multipliers (in this 

case 40 [13]) that can be used for arithmetic operations, placed as seen in Figure 36. 

When all dedicated multipliers have been used, additional multipliers are created from 

logic during the synthesis process if needed. Therefore, a test was performed to 

evaluate how multiplications affect the utilization of the FPGA.  

 

Figure 36 Architecture of the FPGA 

To perform the test the feed forward controller developed in [1] was used without any 

modifications, see Figure 37. The feed forward controller comprises a large number of 

multiplications which makes it suitable for this test. Blocks such as controls and 

indicators will also contribute to the use of system resources. However, the uses of 

those resources are assumed to be linear to the number of blocks. 

When testing for FPGA utilization the code was synthesized and the system utilization 

was extracted from the Xilinx compilation log. For each synthesis one extra instance of 

the controller was added in the interval from one instance of the controller up to seven 

instances, providing a range from 12 multiplications to 84 multiplications in steps of 12. 

All controllers are designed to run in parallel which guarantees that one resource cannot 

be used by more than one controller.  
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Figure 37 feed forward controller VI for FPGA  

4.3.1.3.1 FPGA utilization results 

Figure 38 shows the results on how the system resources are utilized when using 

numerous multiplications in the algorithm. The top graph shows the number of 

resources used and the bottom graph shows explicitly the number of multiplicators 

used, both compared to the number of multiplications present in the system. 

When studying the lower graph in Figure 38 it is interesting to see that not all dedicated 

multipliers are used when 72 and 84 multiplications are used in the system. This can be 

explained by studying Figure 36, all the multipliers are placed at the periphery of the 

FPGA. When routing the signals onto the device during the synthesis process it is not 

possible for the synthesizer to meet all timing constraints by including all multipliers in 

the circuit. Each bit of the variables used for the calculations translates into a signal on 

the FPGA that requires a wire on the device. The conclusion from this result is that the 

biggest problem is not the use of dedicated multiplicators in the code but fulfilling all 

timing constraints at synthesis. Therefore, all variables in the system should be reduced 

to the smallest size possible and still be able to carry a sufficient amount of data. 
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Nr of multiplications 12 24 36 48 60 72 84

Slice Flip Flops 1192 1958 2723 3488 4401 5364 6185

4 input LUTs 849 1241 1647 4257 8084 13037 17156

MULT18x18 12 24 36 40 40 36 35

Slices 960 1490 2441 3899 5952 8921 10938
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Figure 38 System utilization when using numerous multiplications 

4.3.1.4 PID tests 

To implement a shared FOC loop it is essential that the calculations in the loop are 

performed without any interference from previous iterations of the loop. One part of the 

algorithm where this could be a problem is the integral part of built-in PID regulator in 

LabView. The built-in PID block in LabView provides the possibility to configure it to 

operate as a multichannel regulator where multiple entities can be controlled. Since the 

integral part stores the error data from previous iterations it must be verified that the 

data from all entities is stored and manipulated independent of each other.  
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To verify the functionality of the PID blocks a simple test program was designed, see 

Figure 39. The program is designed to use the PID block as a dual-channel PI controller 

where the only difference between the channels is the integration factor, Ki. 

 

Figure 39 Implementation of PID test program 

For both channels the proportional factor Kp is set to one, the derivative factor Kd is set 

to zero, the process variable is kept constant at zero and the set points for both 

channels are set to one. For simplicity the loop period is set to 1000 ms. Using this 

setup the expected result is that the output will start at one, corresponding to the Kp 

value, then continue increasing each iteration of the loop with a slope corresponding to 

Ki. For channel zero the Ki value is set to 0,25 and for channel one the Ki value is set to 

0,5. These parameters were chosen so that the result could be easily verified. With a 

loop period of one second the output is expected to increase one every four seconds for 

channel zero and one every two seconds for channel one. The expected outputs are 

derived by solving equation (35).  

       
  

  
      (35) 

In Figure 40 the output from both channels are graphically represented. The left graph 

shows the output from channel zero and the right graph shows the output from channel 

one. As can be seen in both graphs, the output rapidly increases to one in the beginning 

of the graphs. After the first step the output increases at individual rates just as 

expected, for channel zero the output reaches two in four steps and for channel one the 

output reaches two in two steps. Hence, it can be derived that the calculations are 

performed individually without interference from one another. 
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 Figure 40 Output from the multichannel PID (Note that the time scale does not correspond to seconds)  

4.3.1.4.1 Initial PID settings 

The built-in PID block in LabView has a number of parameters that can be modified for 

the PID to provide proper functionality. When incorporating the PID block in the 

program, all initial settings are done using the configuration panel, see Figure 41. 

 

Figure 41 Configuration panel for the PID block 

 Number of channels: 

Specifies how many channels will be realized during compilation.  

 Initial set point: 

Specifies the set point of the regulator the first time the regulator is executed. 

 Sampling time: 

Specifies the sampling time of the regulator in seconds. Must be set to the same 

value as the period of the loop the regulator operates in. If the regulator is set to 
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operate in more than one channel, the regulator will sample one channel each 

iteration of the loop.  

 High and Low limit: 

Specifies the high and low saturation levels of the regulator. The values are 

initially applied to all channels. 

 Initial Gains: 

Specifies the initial gains for all channels. The integral time and derivative time 

must be specified in minutes. The quantized initial gains are calculated and 

displayed on the panel according to equation (36) to (38). 

          (36) 

   
     

     
     (37) 

   
        

  
     (38) 

Where Ts is the Sampling time Ts (s) at which the control loop runs. 

4.3.1.4.2 Runtime PID settings 

The PID block in LabView provides the possibility to change some parameters at 

runtime. When using the PID block as a single channel regulator the PID gains, the high 

and low saturation levels and the set point can be changed. For a multichannel PID the 

same parameters as for the single channel PID can be manipulated and it also provides 

the possibility to address which channel the parameters should be applied to, thus 

providing the possibility to have individual settings for all channels. Figure 42 shows the 

controls for a single channel PID and in Figure 43 the controls for a multichannel PID is 

shown.  

    

Figure 42 Single channel controls Figure 43 Multichannel controls

Note that when changing the regulator parameters at runtime they are not normalized. 
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4.4 Vd/Vq scaling 

The output from the regulators represents the Vd and Vq components corresponding the 

to the voltage applied to the motor. In order for the SV- modulation generator to function 

properly, the magnitude of [Vα Vβ] cannot be greater than the radius of the circle fitted 

inside SV- modulation hexagon, see Figure 44. When applying maximum voltage to the 

motor the magnitude of [Vα Vβ] is equal to the circle radius. If the magnitude is greater 

than the radius of the circle the duty cycle of one or several of the output PWM signals 

may be greater than the PWM period or negative. 

 

Figure 44 Maximum magnitude of the [Vα Vβ] vector 

In a SV- modulation application the circle has a radius of      [4]. In order to fit the 

vector inside the circle, the vector must be normalized. This is done by scaling the Vd 

and Vq components by a factor that normalizes them to the DC supply voltage, see 

equation (39).  

                
  

   
   (39) 

In these applications the scaling is performed before the inverse Park transformation. 

The inverse Park transformation is just a rotation which means that the magnitude of the 

vector will remain. The scaling could just as well be performed after the inverse Park 

transformation. 
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5 SIMULATION 

5.1 MATLAB/Simulink  

The aim of modeling the system in Simulink is to be able to verify some of the results 

from the mechatronic test bench that will be used to test the implemented system later. 

It is both difficult and time demanding to derive a complete model of the system since 

the system stretches over three different physical domains (electric, magnetic and the 

mechanic). It also requires a very good understanding of the motor and well defined 

model parameters. Therefore, a simplified and reduced model of the FOC-algorithm will 

be modeled and used to control and run a built in PMSM block provided by the toolbox 

SimPowerSystem. SimPowerSystems is a frequently used toolbox in Simulink for 

simulations of electronic and power electronic systems. 

Normally, a simulation model of the system is created prior to the implementation of it. 

This case is an exception since it is a part of a rapid prototyping project where the 

modeling and implementation are carried out in parallel. The model is therefore based 

on the implementation instead of the other way around.  

5.2 MOTOR MODEL 

The electrical dynamic motor equations for the PMSM block in SimPowerSystem in the 

dq- reference frame can be expressed as: 

      

  
 

 

  
      

 

  
      

  

  
            (40) 

      

  
 

 

  
      

 

  
      

  

  
          

     

  
  (41) 

Where: Vd is the voltage flux component, Vq is the voltage torque component, R is the armature 

resistance, Ld is the inductance flux component, Lq is the inductance torque component, ω(t) is 

the rotor electrical speed in rad/s and λ is the flux linkage.  

The inductances for the dq-frame were calculated with equation (42). 

      
   

 
   (42) 

And the mechanical dynamics are as follows: 

     

  
           (43) 

     

  
 

 

 
                 (44) 

Where: J is the rotor moment of inertia, TM is the mechanical torque, TE is the electrical torque, 

B is the friction constant  
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Equations (38) to (42) are the general motor dynamic equations for a PMSM in the dq-

reference frame. 

A complete list of all motor parameters used in the simulation can be viewed in Table 4. 

All values except for B are based on data from the datasheet of M103. B is the 

combined viscous friction of the rotor and the load. It has not been determined for the 

M103 and is therefore set to 0,001. This value is only an arbitrary value based on 

values used in other simulations. B has to be determined later to get the proper 

mechanical properties of the motor. The emphasis of the simulations will not be on the 

mechanical parts but on the electrical and the control parts of the system until then.  

Table 4 List of simulation parameters 

Rs 1.8 Ohm 

Ld 0,53mH 

Lq 0,53mH 

Lambda 0,005 

J 0,0011*10
-4

 

B 0,001 

5.2.1 The reduced FOC-Algorithm controller with power electronics  

Figure 45 shows an overview of the simplified controller implemented in Simulink and 

SimPowerSystems.  

The PMSM block (labeled M103) has four different inputs and the user can choose from 

up to 13 different outputs to monitor. The first input (labeled w in the figure) specifies if 

the motor should run at a certain speed w rad/s or be loaded with a specific torque Tm. 

The three remaining inputs are the motor windings A, B and C where the three phase 

inverter outputs are connected to.  

The 13 outputs are optional and can be selected through a bus. The outputs are the 

stator currents A, B and C, Id/Iq, Vd/Vq, the rotor speed (rad/s), the rotor angle (rad/s), 

the Hall Effect signals A, B and C and the electromagnetic torque (Nm).  

The user can also specify the type of back emf waveform the motor has. It could be of 

either a sinusoidal or a trapezoidal waveform type for a PMSM. Moreover, the standard 

motor parameters such as the stator resistance (Rs), inductances in the dq frame (Ld  

Lq), λ0, torque and voltage constants (Kt and Ke), and the number of pole pairs (np) 

needs to be specified. There are also sets of predefined motor parameters and 

characteristics to select from.  

The PI controllers use the same parameters as the implemented system, i.e. the 

proportional gain Kc = 1 and the integral gain Ki = 0,01. The sample frequencies of the 

regulators are set to 20 kHz each.  
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The PMSM block generates the currents in terms of Id and Iq, thus there is no need to 

use the Clarke and Park transform to convert the three phase currents into the dq- 

reference frame. The feedback currents will be directly acquired from the motor outputs. 

The rotor position is also generated by the motor block directly.  Thus, there is no need 

to model a position encoder.  

 

 
Figure 45 FOC-Algorithm in Simulink/SimPowerSystems 

Figure 46 shows the subsystem called Three-Phase Inverter in Figure 45 which 

includes the SVPWM block and the three phase inverting bridge. The SVPWM block is 

also provided from SimPowerSystems and differs a bit from the one that is implemented 

on the FPGA in the sense of how the reference vectors are calculated and also how the 

modulation index is defined. Nevertheless, the basic principles are the same. Another 

difference is that the block uses the alpha and beta components directly as inputs 

instead of the Id/Iq components generated by the inverse Clarke transform. Thus, the 

model will not include the inverse Clarke transform in the simulations. The inverse Park 

transform is however needed to transform the variables back from the rotating frame 

into the stationary frame and can be seen in Figure 47. 

The three phase inverter bridge uses six ideal MOSFETs with internal diodes in parallel 

with a snubber resistance in series. The pulses labeled [t1] to [t6] are connected to the 

gates on the MOSFETs. The three phase output connects to the PMSM block. The DC 

Voltage Source is set to 24V. 
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Figure 46 SVPWM Generator and three phase inverter subsystem block 

 
Figure 47 Inverse Park transformation block 

5.2.2 Feed Forward Controller  

The feed forward controller is based on the equations from section 4.1.3.2 and is just a 

simple model to simulate the outcome in terms of Vd and Vq for different sets of Iq_refs 

and speeds. The Vd and Vq components will be verified against the implemented system 
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for the same inputs. The subsystem and the block diagram of the block can be seen in 

Figure 48 and Figure 49 respectively.   

The derivative term of Iq_ref has been left out since it will not have any effect on the 

output if the reference value is kept constant. The scaling term is the same as in the 

implementation, i.e. 
  

   
. 

 
Figure 48 Feed forward controller internally 

  
Figure 49 Feed forward controller 

 

When simulating the feed forward controller the same motor parameters as the M103 

motor in section 5.2 are used. 
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6 TESTING 

The purposes of the tests are to evaluate and gain better understanding of the system 

and get a clear view of how it performs. The tests will also demonstrate the benefits of a 

rapid prototyping system by using the retrieved data to estimate the motor and controller 

parameters to be used in simulations. The system is almost the same as the single axis 

system that has been developed in [1]. The system has never been tested before in a 

test bench with a mechanical load and torque transducer. The test system will run on 

the NI sbRIO-9631 platform. It is basically the same platform as the 9632 board. The 

most remarkable difference is the quantities of resources available on the FPGA.  

6.1 Testing Equipment 

6.1.1 Mechatronic Test Bench 

To test and verify the implemented FOC-algorithm and its performance, a mechatronic 

test bench will be used. The test bench comprises an in-line torque transducer 

(TM302/011) and a hysteresis brake (HB-140M-2) which are both provided by Magtrol. 

The motor shaft is extended and connected to the dynamic brake and the torque 

transducer through three couplings, see Figure 50. The couplings protect the torque 

transducer and the dynamic brake from over-torque generated by the motor in test. 

A high speed programmable dynamometer controller (Magtrol DSP6001) will be used to 

control the torque of the hysteresis brake and to acquire feedback data from the torque 

transducer.  

 

 

  Figure 50 Mechatronic test bench 

6.1.2 Magtrol DSP6001  

The DSP6001 is designed to be used with any of Magtrols testing peripherals such as 

the hysteresis brake and/or with the in-line torque transducer. The controller can be fully 

PMSM 

Coupling 

Hysteresis 

Brake 

Motor 

shaft 

wr wr 

Mechanical platform 

In-line Torque 

Transducer 
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operated from LabView running on a PC through either an RS-232 or an IEEE-488 

communication bus. The device can control the speed or the torque with a built in PID 

controller.   

Some of the other features of the DSP6001 are: 

 Digital filter to reduce noise 

 Built in alarm system which alarms the user when a maximum specified unit is 

exceeded, for instance the torque or the speed. 

 Open loop function 

6.1.3 In-line torque transducer 

The In-line torque transducer is intended to be used for high speed applications and can 

measure both torque and speed. The built-in electronic components are fully separated 

from the rotating parts of the device. Magtrol states in the manual that when a motor is 

used in the speed interval of 0-100 rpm, the dynamometer needs to be equipped with a 

high resolution encoder [7]. The tests will therefore not include any runs under 150 rpm. 

Table 5 TM302/011 Specifications 

Nominal rated torque 0,2 Nm 

Rated torque 0 to +/-100% of RT 

Overload capacity 0 to +/- 200% of RT 

Overload limit 0 to +/- 500% of RT 

6.1.4 Hysteresis brake 

The brake will be used to load the motor shaft mechanically. The working principle of 

the hysteresis brake is as follows. When current flows through the coil which enclosures 

the fixed non-rotating part of the device, a magnetic field is produced in the air gaps 

located between the fixed and the rotating part. The rotor becomes magnetized and due 

to its hysteresis property, a braking torque between the fixed compartment and the rotor 

is established. One of the major advantages with this technique is the lack of 

mechanical friction between the fixed compartment and the rotor [8].  

 
Table 6 HB 140M-2 Specifications 

Minimum Torque at Rated Current 1 Nm 

Rated Current 253 mA 

DC Voltage 24 V 

Maximum Speed 12 000 rpm 
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6.1.5 Yokogawa WT500 Power Analyzer 

The WT500 power analyzer is a measuring instrument for single- and up to three phase 

power measurements.  

The source (the three phase inverter bridge) and the load (the PMSM motor) are 

connected to the power analyzer forming a wye-connection of three phases and four 

wires (3P4W). This configuration provides the line-to-line voltages and the line currents. 

Other parameters that can be obtained through measurements are the peak values of 

the voltages and currents, the frequencies and the electrical power and more. The 

measured data can be interpreted both graphically and numerically on the built in TFT 

display.  

Table 7 Yokogawa WT500 Power Analyzer Specifications 

Maximum Input Voltage (RMS) 1000 V 

Maximum Input Currents (RMS) 40 A 

Bandwidth 100 kHz 

Basic Accuracy 0,1 % 

6.2 Testing & Verification 

The first tests will be performed on the single axis system. One purpose of testing the 

single axis system is to gain a better understanding of the system and use the gained 

knowledge to improve in the multi axis system. 

All the tests will be performed with the rotor shaft attached to the test bench. The line-to-

line voltages and the line currents can be monitored during every test both on the power 

analyzer and the oscilloscope.  

A very simple test VI will be used to sample data from the controller and display them in 

indicators and graphs or charts. Any internal data in the controller can be tracked with 

LabView. The data on the FPGA is transferred via the direct memory access (DMA) 

channels to the real time PPC through First in First Out memory blocks (FIFOs). The 

PPC communicates with a host PC through Ethernet and FIFOs. The data can then be 

interpreted directly on the VI running on the PC through indicators, graphs and charts. 

6.2.1 Verification of Resolver Data 

To verify that the motor and the resolver are calibrated correctly, a manual commutation 

of the motor will be done. If phase V is connected to a positive DC voltage and phase W 

to ground, the rotor can be locked at any of its poles locations. The excitation signal 

EXC from the resolver needs to be manually fed with an AC 5V rms signal with a 

frequency of 4 kHz.  
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When the rotor is manually positioned at its “zero position”, the cosine positive signal X1 

of the resolver should become maximized and lay in phase with the excitation positive 

signal R1. At this position the sine positive signal Y0 should become zero, i.e. 0V. The 

resolver signals Y0, X1, and R1 will be verified on an oscilloscope. Figure 51shows a 

half period of how the resolver signals are supposed to look like when the rotor is 

positioned at 0 degrees. 

 

Figure 51 The excitation signal together with the sine and cosine signals 

The digital resolver data from the encoder is an integer number between 0 and 4095 

depending on the rotor’s angular position. To verify that the encoder outputs the correct 

data, the test VI will be used to acquire the sine and the cosine values and plot them 

continuously on a chart and an XY-graph. The XY graph should display a point moving 

in a circular trajectory with a radius of one. If the rotor rotates clockwise (CW), the point 

should move counter clockwise (CCW) while if the rotor rotates CCW, the point should 

move CW. This has to do with the mounting of the resolver device on the motor. The 

resolver is mounted on the opposite side of the rotor. This means that when the rotor is 

rotating CW seen from the rotor side, the resolver rotates CCW from its own point-of-

view. 

6.2.2 Verification of Feedback Current Data 

The feedback currents are the sampled currents from the phases U and V. The test VI 

will be used to sample these currents continuously and display them in a chart. 

Theoretically, the feedback current should be equal to the Iq_ref since the Clarke 

transform is magnitude invariant and Id is equal to zero. The feedback currents will be 

verified against the oscilloscope measurements and the simulations in Simulink.  
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6.2.3 Feed forward 

The feed forward controller will be verified by running it separately without any impacts 

from the PI controllers. A series of measurements of Vd and Vq components will be 

retrieved for different Iq_ref values and speeds. The Vd and Vq components will then be 

verified against the simulation results of the feed forward controller.  

6.2.4 Step Response of Iq 

The step response of Iq will be tested by applying a step on the Iq_ref value while 

displaying Iq and the corresponding Iq_ref on a chart on the test VI. This method might 

make it possible to tune the PI parameters and almost immediately see the effects of 

the tuning on the step response chart.  

The step response is also going to be tested with improved PI parameters and with the 

impact of the feed forward controller to verify that the feed forward controller can speed 

up the system. It should be pointed out that the purpose is not to get any exact timing 

from these tests it is rather to get a hint of how fast the system is. There is also no 

reason to study the step response of Id since Id in the ideal case should be constantly 

set to zero. 

6.2.5 PWM Switching Frequencies 

Early test runs have showed that the controller generates distorted currents for high 

values of Iq_ref while the motor shaft is mechanically loaded. One possible reason could 

be that the MOSFETs in the three phase inverting bridge needs a certain time to fully 

open to be able to deliver the maximum rate of charges. If the time between two pulses 

on the gate is shorter than the time it takes for the MOSFET to fully open and fully close 

again, it will not reach the level where it is fully capable to deliver the current needed by 

the load.  

 

Figure 52 Switching cycle of a MOSFET 
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The PWM period is currently set to 1000 ticks. This means that the pulses from the 

SVPWM generator have a frequency of 40 kHz. The length of the pulse will however be 

much shorter than 40 kHz for the shortest pulse. To guarantee that the MOSFETs 

deliver the right amount of current during one switching period, i.e. the time from when 

the drain-to-source voltage starts to fall (Tdon) until it has reached 90% of its end value 

(Tr). See Figure 52.  

The PWM period of the PWM signals can be specified during runtime in the front panel 

VI. The controller will be tested at rated torque and rated speed with PWM frequencies 

of 16 kHz, 20 kHz and 40 kHz.   

6.2.6 System Bandwidth 

The systems bandwidth needs to be determined in order to establish a future 

implementation of the speed control loop. The speed control loop will run at a sampling 

frequency of about 1/10th of the current loops frequency. The bandwidth can be derived 

from the rise time determined in the step response tests. The rise time is the time it 

takes for the analyzed signal to go from 10% of its end value to 90%. The bandwidth 

can then be approximated by the formula    
   

  
 where Tr is the rise time and ωB is the 

bandwidth [5].  

6.2.7 M103 Performance benchmarks 

To measure the performance of the M103 motor, the rotor will be attached to the torque 

transducer and the hysteresis brake. Since the current implementation of the FOC lacks 

a speed controller, the dynamometer controller will be used to control the rotor’s speed. 

Measurements will be taken at different Iq_ref values in the range of [-4.4, 4.05] A at 

different speeds in the range [150, 4500] rpm. Thus for each Iq value, the generated 

torque, Vd, Vq, mechanical/electrical power, Irms and Urms will be obtained for each speed 

throughout the speed interval. From these measurements, a torque/speed profile of the 

motor will be derived and compared to the torque profile given in the datasheet of the 

M103. Table 8 M103 Specifications some of the most important parameters needed to 

evaluate the performance. 

Table 8 M103 Specifications 

Rated Output 30 W 

Rated Torque 0,095 Nm 

Stall Torque 0,095 Nm 

Peak Torque 0,2 Nm 

Rated Speed 3000 rpm 

Maximum Speed 5000 rpm 

Rated Current 3,3 Arms 

Voltage constant 0,041 V/rpm 

Torque constant 0,043 Nm/A 
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7 RESULTS 

7.1 Simulation MATLAB & Simulink 

7.1.1 Feed forward simulation 

A complete list of results from the feed forward controller simulations can be viewed in 

Table 9. 

Table 9 List of results from the simulation of the feed forward 

Rs 

(Line 
Ohm) 

Ld 
(Line 
mH) 

Lq 
(Line 
mH) 

Lambda 
(Flux 

linkage) 

Id_ref 
(A) 

Iq_ref 
(A) 

Omega 
(mech. 
rpm) 

Omega 
(electric. 
Rad/s) 

Vd Vq 

1,2 0,001 0,001 0,005 0,0 

1,0 

500 209 -0,02 0,16 

1000 419 -0,03 0,24 

1500 628 -0,05 0,31 

2000 837 -0,06 0,39 

2500 1047 -0,08 0,46 

3000 1256 -0,10 0,54 

-1,0 

500 -209 -0,02 -0,16 

1000 -419 -0,03 -0,24 

1500 -628 -0,05 -0,31 

2000 -837 -0,06 -0,39 

2500 -1047 -0,08 -0,46 

3000 -1256 -0,10 -0,54 

2,0 

1000 209 -0,06 0,32 
2000 837 -0,13 0,48 
3500 1465 -0,23 0,70 

-2,0 

1000 -209 -0,06 -0,32 
2000 -837 -0,13 -0,48 
3500 -1465 -0,23 -0,70 

3,1 
3000 

1256 -0,30 0,72 
-3,2 -1256 -0,31 -0,73 

 

7.2 Single axis system  

7.2.1 Test parameters  

The parameter values in Table 10 are the parameter values in the controller that have 

been used consistently throughout all the tests if nothing else is stated. 

Table 10 Test parameters FOC controller 

Sampling 
frequency of 

controller 
loop [ticks] 

ADC 
Delay 
[ticks] 

PWM 
Period 
[ticks] 

Loop 
period, 

Resolver 
[ticks] 

Vd/Vq 
scaling 

Id 
ref 

Dead 
time 

[ticks] 

Iq 
gains 

Kc 

Iq 
gains 

Ki 

Id 
gains 

Kc 

Id 
gains 

Ki 

2000 1000 2000 2000 0,072 0,0 5 1,0 0,01 1 0,01 
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The parameter values in Table 11 are the PID parameters that have been used 

throughout all tests in the Magtrol dynamometer controller. 

Table 11 Magtrol Dynamometer controller parameters 

P I D 

2% 2% 0% 

 

7.2.2 Resolver Data 

Figure 53 shows one period of the sine and the cosine values of the electrical position 

acquired from the Tamagawa resolver board. The frequency of respective signal is  

f = 100/20000 = 0,05 = 200Hz.  

 

Figure 53 Sine and cosine values of the position 

Figure 54 shows the sine and cosine values plotted in an XY graph. The cosine value is 

plotted in the x-direction and the sine value in the y-direction.  

 

Figure 54 The Sine and Cosine values of the position plotted in an XY graph 
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The point with the coordinates [cos(θ), sin(θ)], moves in a CW manner when the rotor 

rotates CCW and vice verse, like expected.  

The results from the manual commutation showed that when the rotor was positioned in 

its zero position, the cosine value was maxed out and in phase with the excitation 

signal. When the rotor was turned 90 degrees, the sine value was maxed out and in 

phase with the excitation signal. 

7.2.3 Feedback Current 

The feedback current has been verified by comparing the currents perceived by the 

controller with the currents measured by the oscilloscope. The currents have also been 

simulated in Simulink for the same Iq_ref value and speed and thereafter been compared 

with the currents from the oscilloscope and test VI. 

Figure 55 shows the feedback current measured over the shunt resistors in the three 

phase inverter bridge. The peak value is close to 4,0 A and agrees well with the 

oscilloscope measurements. The frequency of respective phase can be calculated from 

the fact that the currents are sampled with a sampling rate of 20 kHz in a FIFO on the 

controller.  

The frequency of the red signal corresponding to phase U is: 

  
       

     
          

 

     
       

The frequency of the white signal corresponding to phase V is: 

  
      

     
          

 

     
       

 

 

Figure 55 Feedback currents in the controller 
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Figure 56 shows the currents on the oscilloscope. The rms values are nearly 2,8 A just 

like the rms values calculated from the peak values in the controller. The frequencies of 

the phases are as can be seen in the figure very close to 200 Hz.  

 

Figure 56 Feedback currents measured on the oscilloscope 

Figure 57 shows the currents simulated in Simulink with an Iq_ref value of 4.0 A. As can 

be seen, the result agrees with both the controller and the oscilloscope measurements.  

 

 

Figure 57 Feedback currents in Simulink & SimPowerSystem 
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The period and frequency of the yellow phase (U) are:  

                      
 

     
       

The period and frequency of the magenta phase (V) are:  

                      
 

     
       

The period and frequency of the cyan phase (W) are:  

                      
 

     
       

7.2.4 Feed forward verification 

As mentioned in section 6.2.3, the feed forward was verified by running it separately 

without any impact from the PI-regulators. The results can be seen in Table 12.  Table 

12 summarizes the results from the measurements of the test bench with the results 

from the simulations. The error of Vd and Vq are both the relative error against the 

simulated values. They were calculated from 

         
                     

         
      

The average relative error in both cases is below 4%. The error depends mostly on the 

error of reading in the controller. Neither value of Vd and Vq in the controller is steady 

enough to be considered as constants. The values are pending on the centesimal part. 

The same goes for the case where the error is almost 17%, the values of Vd and Vq in 

the controller are not stable enough and therefore there will always be a matter of a 

reading error. 

Table 12 Test results of feed forward controller alone 

Iq_ref 
Vd 

(Controller) 
Vq 

(Controller) 
IRMS 

(A) 
URMS 

(V) 
Speed 
(rpm) 

Vd 
(Simulink) 

Vq 
(Simulink) 

Error 
Vd (%) 

Error 

Vq (%) 

1,0 

-0,02 0,16 1,00 4,30 500 -0,02 0,16 0,0 0,0 

-0,03 0,24 1,04 5,30 1000 -0,03 0,24 0,0 0,0 

-0,05 0,32 1,05 6,10 1500 -0,05 0,31 0,0 3,2 

-0,06 0,40 1,02 6,78 2000 -0,06 0,39 0,0 2,6 

-0,08 0,47 0,98 7,43 2500 -0,08 0,46 0,0 2,2 

-0,09 0,55 0,94 8,03 3000 -0,10 0,54 10,0 1,9 

2,0 

-0,07 0,33 1,88 6,12 1000 -0,06 0,32 16,7 3,1 

-0,13 0,48 1,88 7,50 2000 -0,13 0,48 0,0 0,0 

-0,22 0,71 1,71 9,22 3500 -0,23 0,70 4,3 1,4 
3,1 -0,30 0,73 2,83 9,39 3000 -0,30 0,72 0,0 1,4 

-1,0 -0,02 -0,16 0,99 4,30 500 -0,02 -0,16 0,0 0,0 
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-0,03 -0,24 1,06 5,26 1000 -0,03 -0,24 0,0 0,0 

-0,05 -0,32 1,09 6,05 1500 -0,05 -0,31 0,0 3,2 

-0,06 -0,40 1,08 6,77 2000 -0,06 -0,39 0,0 2,6 

-0,08 -0,47 1,05 7,41 2500 -0,08 -0,46 0,0 2,2 

-0,09 -0,55 1,01 8,01 3000 -0,10 -0,54 10,0 1,9 

-2,0 

-0,07 -0,33 1,92 6,12 1000 -0,06 -0,32 16,7 3,1 

-0,13 -0,48 1,95 7,49 2000 -0,129 -0,45 0,8 6,7 

-0,22 -0,71 1,83 9,20 3500 -0,226 -0,65 2,7 9,2 
-3,2 -0,31 -0,74 3,02 9,40 3000 -0,31 -0,73 0,0 1,4 

Average Error 3,1% 2,3% 
 

Figure 58 shows how the system performs with the feed forward controller alone. The 

torque was measured at two different values of Iq in the speed interval [500, 3500] rpm. 

The side effects of removing the PI controllers are quite obvious here. Without the PI 

controllers, the feed forward controller is not be able to keep up the current  in order to 

deliver the same amount of torque at different speeds. 

 

Figure 58 Torque/Speed profile with feed forward only with motor running CW 
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7.2.5 Step Responses of Iq 

 

Figure 59 Step response with P = 1, I = 0,01 

The first step response test seen in Figure 59 shows the systems behavior when a step 

of size one is applied from when the system is in idle i.e. Iq_ref = 0. The proportional gain 

Kc is one and the integral gain is 0,01. The corresponding integral time can thus be 

calculated from  

      
  

             
   

       

    
           

The settling time is quite long and that is most likely due to the small proportional gain. 

The step is applied at time = 260070 and has settled around time = 260900. The steady 

state error band is in the range of [-0.1, +0.1] which makes the relative error less than 

±10%.  

The settle time is approximately 

         
             

     
                

The rise time is approximately 
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Figure 60 Step response with motor running at 3000rpm 

Figure 60 shows the step response when the motor runs at 3000 rpm with a torque of 

approximately 15 mNm applied. The step size is one and is applied to the system when 

the Iq_ref value is set to one. The torque increases from 15 to 40 mNm when the step is 

applied and the Iq from 1 A to 2 A. The performance seems to be equal as in the 

previous case. The most noticeable difference is the oscillation of the Iq value in this 

case when the motor is mechanically loaded. Iq is now oscillating between 1,9 A and 2,1 

A after it has settled at the time 157000. The oscillation affects the error band and the 

relative error in this case is approximately ±10%.  

The settle time is approximately 

        
             

     
             

The rise time is approximately 

   
         

  
  

             

     
            

There is a small decrease in settle time compared to the unloaded system while the rise 

time has increased. These are not definite values of either the settle or the rise time. 

Those values differ from case to case. 
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7.2.5.1 Step response with feed forward 

 

Figure 61 Step response with feed forward and P = 1, I = 0,01 and D = 0 

 

The purpose of the second step response test is to show the impact from the feed 

forward on the controller system. The PI parameters are the same as in the previous 

test.  

As can be seen from Figure 61 the feed forward controller alone speeds up the system 

remarkably. This is among other reasons due to the fact that the feed forward controller 

is always one sample ahead of the PI controllers. However, it seems that it also 

contributes with a small overshoot. The reason for this is probably because the feed 

forward is adding portions of Vd and Vq to the outputs from the PI controllers. It takes 

one sample (one loop cycle) for the PI controllers to actually see the effect of the 

additional portion from the feed forward. And then it takes a couple of more cycles for 

the PI regulators to actually start to regulate the error.  

The error band is in the range of [0.85, 1.15] thus the relative error is approximately 

±15%. 

The settle time is approximately 

        
               

     
             

The rise time is approximately 

    
               

     
                

The overshoot is approximately              
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Figure 62 Step response with feed forward and motor running at 3000rpm 

 

Figure 62 shows as in the previous case the performance when the motor is running at 

3000 rpm and is mechanically loaded. As in the previous case without the feed forward 

controller, this case implies that the system is oscillating a bit more. However, it does 

not affect the error band noticeably.  

The settle time is approximately 

        
           

     
             

The rise time is approximately 

    
           

     
              

The overshoot is approximately              
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7.2.6 Step Responses with improved PI parameters 

The third and the last step response test is an indication of how much space there is left 

for improvements. It is also an indication of how simple it is to tune the parameters of 

the controller running on the NI platform which is important in a rapid prototyping 

project.  

 

Figure 63 Step response with and P = 4.6, I = 0,2 and D = 0 

The proportional gain Kc is set to 4,6 and the integral gain is set to 0,2. Thus, the 

integration time is therefore 

 

       
       

    
                 

This integral time is very close to the electrical time constant of the motor of 0,9 ms. 

 As can be seen from Figure 63 the overall performance has significantly been improved 

compared to all previous cases. The settling time has decreased a lot and the system is 

now much faster alone than it was with the PI combined with the feed forward controller 

previously. The steady state error band is in the range [0.85, 1.1] thus the relative error 

is in the range of ±15%. The rise time in this case is very difficult to estimate. The time 

between 10% and 90% does not look to be greater than 10 or even 5 samples which 

give a rise time of at most  

    
  

     
               

The settle time is approximately 
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Figure 64 Step response with feed forward and P = 4.6, I = 0,2 and D = 0 

 

When the feed forward controller is combined with the improved PI controllers, the 

overall performance is not as convincing anymore as it was to the system without the 

feed forward and regular PI parameters. There is still a slight overshoot of 1,15-1,0 = 

0,15 A and the relative error is approximately ±15%.  

The settle time is approximately 

        
             

     
               

It is difficult to accurately analyze the systems performance out of these step responses 

when the scale of the axes and the resolutions of the graphs are poor. All the calculated 

values in this section are just approximations and will just give a hint of the overall 

performance. The relative error is especially a rough estimation since the system is 

suffering from disturbances which truly affect the Iq value. Those disturbances cannot 

be seen in these step responses due to the short record time.  

These tests are probably adequate for this projects purpose as it is a subject of rapid 

prototyping. It is thanks to the great data acquisition capabilities of LabView that those 

tests could be performed in the first hand. 
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7.2.7 Estimation of the system bandwidth 

The estimation of the bandwidth will be made by the relationship between the rise time 

and the bandwidth by equation (45).  

The formula is 

    
   

  
     (45) 

And can be used to approximate the bandwidth of a system of a higher order. In the first 

case the rise time was approximated to 12,5ms. This would give a system bandwidth of 

approximately 

   
   

  
  

   

      
        

However, with the feed forward controller enabled the rise time was improved to 

0,75ms. This would give a system bandwidth of approximately 

   
   

  
  

   

       
         

The estimated system bandwidth is: 

   
   

  
  

   

      
         

for the controller running with improved PI parameters and on a sampling frequency of 

20 kHz without the feed forward controller. 
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7.2.8 M103 performance and Torque/Speed profiles 

 

Figure 65 Torque/Speed profile with motor running clockwise from test bench, increased current produces a 
higher torque 

Figure 65 shows the torque versus speed curves for eight different values of Iq_ref in the 

range of [1.0, 4.05] A. The curves are based on the data measurements listed in Table 

19, Table 20 and Table 21 in appendix A. The dotted line between every sample is just 

a linear approximation. The speed range is from 150 to 4500 rpm in steps of 500 

starting from speed 500 rpm. The first step is 350 rpm since it was not possible to take 

measurements at speeds lower than 100 rpm. The point for each Iq_ref where the curve 

starts to fall is where the controller is not able to keep the reference value any longer. 

This means that the back EMF has reached the level where the line to line voltage has 

maximized. Since the back EMF is proportional to the rotor speed, the torque starts to 

drop when the Iq current and speed is increased. The system is able to deliver a uniform 

torque throughout the speed range [150, 4500] rpm for the Iq values of 1 and 1,5 A. 

7.2.8.1 Torque comparisons with the datasheet  

By studying the torque graph in the datasheet of the M103 one can see that the torque 

should be constant in the speed interval [0, 3000] rpm. However, the results from the 

tests indicate that there is a variation in the torque on each Iq_ref value for the speed 

range. The highest torque is generated at a speed of 150 rpm and when the speed 

increases, the torque slowly decreases until 3000-3500 rpm is reached. Table 13 lists 

the torque at both 150 and 3000 rpm for each of the tested Iq_ref values. One can see 

that the torque drop is more or less 8 mNm. A possible explanation to the torque drop is 

that the current measurements do not account for friction losses or temperature 

changes in the motor. Hence, this should be a subject for future investigations. 
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Table 13 Torque variation 

Iq_ref 
Torque at 150rpm 

(mNm) 

Torque at 3000rpm 

(mNm) 

Variation 

(mNm) 

1,0 22,3 14,6 7,7 

1,5 35,4 27,6 7,8 

2,0 48,7 39,6 9,1 

2,5 62,0 53,9 8,1 

3,0 75,4 67,0 8,4 

3,5 88,5 80,5 8,0 

4,0 101,8 93,8 8,0 

4,05 103,2 95,5 7,7 

  

7.2.8.2 Rated torque, -speed, -power and -current 

The rated values were tested by setting the desired speed, 3000 rpm, on the 

dynamometer controller running in speed control mode. The motor delivered a torque of 

95,5 mNm and a mechanical power of 29,9 W at an Iq of 4,05 A. The datasheet claims 

that these values are achieved at a current rating of 3,3 Arms or 4,66 A peak. The 

measurements however showed that the rated torque, power and speed were achieved 

at 2,8 Arms. The relative error of the current is therefore 13%. There are a phew possible 

reasons to this and one could be that the output torque may depend on the driving 

circuit used [12]. The line to line voltage was 9,4 Vrms at the rated speed and torque. 

The magnitude of the space vector is scaled by 
  

   
. This implies that the maximum 

achievable line to line voltage is approximately 13,8V. The peak value of 9,4 Vrms is 13,3 

V and is close to the maximum line to line voltage possible.   

Table 13 lists the measured torques in the speed range [150, 3000] rpm at the rated 

current of 4,05 A peak. The deviation between the measurements and the datasheet is 

calculated and the standard deviation is thus 3,5 mNm.  

Table 14 Torque comparison for Iq_ref = 4,05A 

Speed (rpm) 150 500 1000 1500 2000 2500 3000 

Torque (Measured) (mNm) 103,2 100,2 99,4 98,1 97,1 95,7 95,5 

Torque (Datasheet) (mNm) 95,0 95,0 95,0 95,0 95,0 95,0 95,0 

Deviation from datasheet (mNm) 8,2 5,2 4,4 3,1 2,1 2,7 0,5 

Standard deviation 3,5 mNm 

7.2.8.3 Stall torque and free run 

The stall torque was very difficult to test since the dynamometer is not equipped with a 

high resolution encoder that is needed to measure speeds below 100 rpm. The trend of 

the curve could though give an estimation of the size of the stall torque at Iq_ref = 4,05 A. 

The curve for Iq_ref = 4,05 A would intersect the Y-axis at the torque rate of 105 mNm.  
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Table 15 and Table 16 list the performance of the motor when it is loaded by the inertia 

of the test bench only i.e. with no impact from the dynamometer controller in terms of 

speed or torque. 

Table 15 Free run CW 

Iq (A) Vd Vq Irms (A) Urms (V) Speed (rpm) Torque (mNm) 

1,1 -0,26 0,72 0,64 9,33 4889 11,1 
 

Table 16 Free run CCW 

Iq (A) Vd Vq Irms (A) Urms (V) Speed (rpm) Torque (mNm) 

-1,2 -0,22 -,072 0,67 9,25 4850 -6,7 

7.2.8.4 Iq versus Irms  

The error between Iq and the line currents measured by the power analyzer is never 

greater than 3,4% (see the column I_error of Table 19 to Table 24 in appendix A). Note 

that the Irms values were converted to peak values before the relative errors were 

calculated. The only occasions where the errors are greater than 3,4% are where the 

controller is not able to keep the reference value.     

7.2.8.5 Simulated torque 

Figure 66 shows the torque (upper graph) along with the Iq (lower graph) with respect to 

the speed (x-axis). The scale of the x-axis is 1/100000th of the actual speed.  

 

Figure 66 Torque/speed profile with motor running clockwise simulated 

The simulated and measured torque values are agreeing within a range of 10% in the 

speed interval of 150-3000 rpm for an Iq value of 4,0 A. However, these simulations are 
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not reliable or useful since the mechanical model of the motor is incomplete. Moreover, 

as one can see from the figures, the controller is not even able to keep the reference 

value throughout the whole speed interval. The current has already decreased to a level 

below 4 A at a speed of 500 rpm. The implemented controller is able to keep the 

reference value up to 3500 rpm at least before it starts to drop.  

7.2.8.6 Symmetry test of the motor 

The torque/speed profile for the motor running CCW can be seen in Figure 67. These 

curves are based on the torque data given in Table 21, Table 22, Table 23 and Table 24 

in appendix A. These measurements were mainly performed to be able to verify the 

symmetry of the motor and the system as a whole. The first impression is that the 

figures look very much alike. There is a slight difference in the magnitude of the torque 

between the figures. One can see that for the red curves i.e. Iq_ref = 1,0 A, the difference 

in torque at 150 rpm is approximately 8 mNm. For 4,0 A it is 7 mNm etc. The general 

results indicate that there is a difference between the generated torques at the same 

Iq_ref of opposite sign. This also means that the controller will not generate rated torque 

and rated power for the same Iq.  

7.2.8.7 Rated torque and -current 

The tests showed that the rated torque and rated power were achieved at an Iq_ref of -

4,4 A (see Table 24 in appendix A). This Iq level has been left out in the figure for the 

reason that the system was not tested with an positive Iq_ref of 4,4 A. The rms value is 

3,1 A and is in this case much closer to the rms value stated in the datasheet. The 

relative error in rated current is now only 6%.     

 

Figure 67 Torque/Speed profile with motor running counterclockwise, increased current produces a higher 
torque 
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7.2.9  Torque constant Kt (Theoretical) 

The torque constant is a parameter of the motor that gives information about how much 

torque the motor can generate per drawn ampere. The unit is Nm/A. The torque 

constant Kt given in the datasheet is 0,041 Nm/A, ±10% for the E.D.C.M. With the 

torque constant given from the datasheet, the theoretical torque for each tested and 

positive Iq value from 1,0 to 4,0 A can be calculated with equation (44).  

            (44) 

These values are plotted in a graph and can be seen in Figure 68. 

 

Figure 68 Theoretical torque 

These values can be compared with the measured torque values for the same Iq. The 

torque was measured at 10 different speeds for each Iq. The results from section 7.2.8 

shows that the torque was somewhat uniform for all Iq values in the speed range 150 to 

3000 rpm. Therefore, the average measured torque generated in this speed interval by 

each Iq was calculated and are listed in Table 17 together with the theoretical torque 

values.  

Table 17 The average measured torque generated in the speed interval [150, 3000] rpm for each Iq value along 
with the corresponding theoretical torque 

 

 
Iq (A) 1,0 1,5 2,0 2,5 3,0 3,5 4,0 

Speed (rpm) 150 500 1000 1500 2000 2500 3000 

Average measured torque (mNm) 17,9 31,0 43,9 57,4 70,8 83,8 96,9 

Theoretical Torque (mNm) 41,0 61,5 82,0 102,5 123,0 143,5 164,0 
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Figure 69  shows the average generated torque in the speed interval [150, 3000] rpm for 

each Iq in the interval [1.0, 4.0] along with the theoretical torque, plotted in the same 

graph. 

 

Figure 69 Comparison of measured and theoretical torque 

The figure clearly shows that there is an offset between the theoretical and the average 

measured torques. A torque constant can be calculated from the measured values by 

simply calculating the proportion between each average torque value and the related Iq 

value.  

     

 

    

                       

  
 

      

   
 

     

   
   

      

   
            

The torque constant derived from the average measured torques is 0,022 mNm/A. Thus 

the measured torque constant is 1,86 times smaller than the torque constant stated in 

the datasheet. 

7.2.10 Switching frequencies 

The controller has been tested with different current sampling frequencies and PWM 

frequencies to see what the effects and limitations were. Iq_ref was set to 4,0 A and the 

speed was limited to 3000 rpm by the dynamic controller. This combination generated a 

torque very close to the rated torque.  

To investigate the impact the PWM frequency has on the shape of the motor currents, a 

series of tests were conducted. The controller was executed with three different PWM 

frequencies while monitoring the motor currents on the oscilloscope. Figure 70 shows 

the motor currents with the PWM frequency set to 16 kHz. In Figure 71 PWM frequency 

is set to 20 kHz and finally in Figure 72 PWM frequency is set 40 kHz. 
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Figure 70 Currents for ADC delay = 1250 and PWM frequency of 16 kHz 

 

Figure 71 Currents for ADC delay = 1000 and PWM frequency of 20 kHz 
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Figure 72 Currents for ADC delay = 500 and PWM frequency of 40 kHz 

As can be seen in Figure 70 to Figure 72, the shape of the motor currents differ from 

one another when using different PWM frequencies. First, it appears as if an increase of 

the PWM frequency results in a more distorted signal. This is probably because of the 

hypotheses stated in 6.2.5 that the time between the pulses on the gates is too short. If 

the signals are too short the MOSFETs are not getting enough time to fully open and 

close between each pulse. This seems to be the case where the PWM frequency is set 

to 40 kHz.  

The second thing that differs is the current ripple. The ripple due to the switching is 

increasing with a decreasing frequency. With a PWM frequency of 16 to 20 kHz, the 

ripple is nearly 60 mA. When the PWM frequency is increased to 40 kHz, the ripple is 

below 40 mA.  

The third conclusion is most likely a direct consequence of the first one. There is a 

noticeable drop in the generated current between the different PWM frequencies even 

though the Iq reference value is remained constant between each test. The current loss 

is roughly between 60 mA to 100 mA. 
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7.2.11 Simulated Switching frequencies 

The motor currents were simulated with the same tested switching frequencies as in the 

previous section. Figure 73 shows the motor currents with a PWM frequency of 16 kHz, 

Figure 74 with a PWM frequency of 20 kHz and Figure 75 a PWM frequency of 40 kHz.  

By comparing the results from the simulations with the results from the oscilloscope, 

one can see that the PWM frequency has the same impact on the current ripple in both 

the theory and the practice. The current ripple is most apparent for the case with a 

PWM frequency of 16 kHz. The only differences between the simulations and the 

measurements are that the simulated currents are consistent in relation to the 

frequency. There are no signs of distortion whatsoever, and even for PWM frequency of 

40 kHz, the motor currents remain perfectly shaped and that is because the MOSFETs 

used in the simulations are ideal MOSFETs. The simulations do not take for instance, 

the physical phenomena regarding turn on/off delays into account. 

 

 

Figure 73: Simulated motor currents for PWM frequency of 16 kHz 
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Figure 74: Simulated motor currents for PWM frequency of 20 kHz 

 

 

Figure 75: Simulated motor currents for PWM frequency of 40 kHz 
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7.2.12 Disturbances 

There has been an issue throughout the test phase with a strange phenomenon that 

occurs randomly when running the motor in the testing bench. At different occasions, 

the current suddenly increases and immediately after there is a sudden drop in both 

speed and torque.  

This phenomenon can be seen in Figure 76, Figure 77 and Figure 78. One can see at 

some random points in time, the currents suddenly drops towards zero, then increases 

significantly and settles at the reference value, see Figure 76 and Figure 77. These 

current spikes can reach as high as almost 16 A as can be seen in Figure 76.  

The first hypothesis on what may be the source of the disturbances was erroneous 

behavior in the PI controllers. Therefore, a test was made when manually entering the 

Vd and Vq values. The test showed that the disturbances remained. However, since no 

PI controllers were used the current did not increase uncontrollable before it settled, see 

Figure 78.  

The next hypothesis was that the disturbances could be issues with the resolver data 

readings. If the resolver gives a faulty angle, it will impact the space vector and the 

sector selection in the SV-PWM generator. To rule out that the resolver cabling was 

exposed to noise from the motor power cables and other surrounding electronics the 

resolver cables were shielded with a piece of aluminum foil connected to ground. 

However, the results from these efforts proved to be negative.  

In a third attempt to find the source of the disturbances the resolver clock, data and chip 

select signals were monitored on the oscilloscope together with the currents to see if 

they were somehow related. These signals can be measured on the test points of the 

resolver board. It turned out that when a probe with an impedance of 10 MΩ was 

attached to the SPI clock signal on the resolver board the disturbances suddenly 

disappeared. This phenomenon can be explained by a problem with the ground levels 

on the different boards used in the setup. If there are differences between the ground 

levels on the different boards it is possible that the SPI clock does not have a stable 

ground and some pulses may be lost, resulting in loss of data when transferring the 

resolver data. When attaching the oscilloscope probe to the test point, the probe acts 

like a pull down resistor and thereby providing a stable ground. However, this 

hypothesis should be further investigated. 
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Figure 76 Motor currents with disturbance 

 

Figure 77 Motor currents with disturbance 
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Figure 78 Motor currents with disturbance 

7.3 Execution times 

In order to determine the execution time of all loops in the systems a series of 

measurements were performed using the method described in 4.3.1.1. Table 18 shows 

the results from the measurements. 

Table 18 Execution times and max frequencies for the loops in the system 

Loop Execution time [ticks] Execution time [µs] Max Frequency [kHz] 

Single axis FOC 68 1,7 588,235 

Multi axis FOC 99 2,475 404,040 

Resolver read 628 15,7 63,694 

Resolver scale 38 0,95 1 052,631 

Current read 85 2,125 470,588 

Current scale 25 0,625 1 600,000 

 

As can be seen in Table 18 the control loops can be executed at frequencies of up to 

588,235 kHz for the single axis system and up to 404,040 kHz for the multi axis system. 

However, running the control loops at such high speed might cause numerical problems 

in the integration part of the PI regulators. The possibility to execute the control loops 

very high speed provides possibilities to control a wide range of motors which makes it 

very well suited for rapid prototyping applications  

For the resolver read and current read loops the speed of the SPI protocol used limits 

the execution time of the loops. 
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7.4 Multiaxis evaluation 

To verify the performance of the controller, the multi axis controller was executed and 

tested at different speed and Iq reference values. Motor one was fitted in the test bench 

motor two was running freely on the desk. Several parameters were monitored and 

compared to the results from the single axis system, see Table 25 in appendix B. As 

can be seen in Figure 79, the torque versus speed profile for the motor fitted in the test 

bench is identical to the single axis system for different Iq. This proves that no 

performance is lost when adding multiple axes. 

 

Figure 79 Torque/speed profile for motor one at different currents 

The graphs in Figure 82 and Figure 83 shows the Id/Iq and Vd/Vq components when 

running motor one at 2000 rpm with a Iq_ref at 1 and motor two at idle. As can be seen in 

the graphs, the calculations are performed individually because the signals are quite 

stable. The motor currents displayed in Figure 80 and Figure 81 also proves that the 

calculations are performed individually. 
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Figure 80 Motor one currents at speed = 2000 rpm Iq= 1,0 A 

  

Figure 81 Motor one currents at rated torque and rated speed, Iq= 4,05 A  
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Figure 82 IdIq at speed=2000 rpm, Iq=1,0 A 

 

 

Figure 83 VdVq at speed = 2000 rpm, Iq= 1,0 A 
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8 DISCUSSION 

By using this setup, the benefits of a rapid prototyping approach when developing 

control algorithms has been shown. The system has shown great transparency since all 

data in the system can be monitored and verified in several ways. The motor currents 

can be monitored by using LabView and compared to the results from both the power 

analyzer and the oscilloscope. They can also be verified by monitoring the signals in the 

system, i.e. Id/Iq and Vd/Vq, to derive an expected result. Simulations of the system can 

prove the validity of the results. 

When simulating the system, the model developed in Simulink and SimPowerSystem 

was not fully complete. The mechanical part misses the frictional term for the M103 and 

the controller is not able to keep the desired current. It is possible to simulate the feed 

forward controller and the electrical behavior of the system though. The feed forward 

controller has been verified against the Simulink model and the feedback currents was 

simulated and verified against the oscilloscope and LabView. Unfortunately no 

simulations could be performed to be able to compare the step responses from the 

implementation with the simulation because the modeled controller is not able to keep 

the reference value. This can be seen in Figure 66. There seem to be a problem when 

mixing blocks from Simulink libraries and blocks from the toolbox SimPowerSystem.  

There is one issue about the implemented feed forward controller and that is if it is not 

controlled by the speed on the dynamometer controller, it will uncontrollably increase 

the speed. Thus, it is not recommended to run the feed forward controller without speed 

control. The problem could be in the speed calculation and needs to be further 

investigated in the future.  

There is an alternative and more convenient method to determine the bandwidth of the 

system. That is to perform a frequency response analysis on the system. This could be 

done by replacing the Iq_ref variable in the controller with a white noise generator 

together with a low pass filter. By doing this one could send a defined spectrum of 

frequencies into the system and then analyze the frequency response of it. The 

bandwidth will correspond to the value of the signal where it has fallen with -3 dB. 

The rated torque and rated power is obtained for a current of 2,8 Arms. The datasheet 

states that it should be at a current of 3,3 Arms. However, it is also mentioned that the 

output torque may depend on the three phase inverter bridge circuit. This could be a 

reason why the measured rated current is lower than the rated current stated in the 

datasheet. It could also explain why the torque constant derived from the measured 

data is much lower than the one from the datasheet.  

The symmetry of the controller was tested and showed that a higher current is required 

to obtain the same torque when the motor is driven CCW as if it was driven CW. A 
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possible explanation to this is that there are some problems related to the setup in the 

mechatronic test bench.  When the shaft is not rotating there is still an applied torque on 

it which is varying from time to time, usually around 3 mNm to 5 mNm. Another problem 

with the setup can be seen in Figure 50, the shaft between the hysteresis brake and the 

torque transducer is fairly long and is connected to two couplings. Together with the 

hysteresis brake this setup could lead to an oscillating torque due to torsion of the shaft. 

When looking at the step responses for Iq it can be seen that there are oscillations on 

the signal that differ quite much between the tests. As can be seen a higher Iq reference 

value, i.e. a higher torque reference, generally produces more oscillations. This also 

supports the hypothesis that the oscillations are caused by torsion in the shaft. Another 

highly likely cause of these oscillations is that one of the couplings was broken during 

testing and was repaired using tape. If the pieces from the coupling are not perfectly 

aligned when taping them together vibrations occur when rotating the shaft which can 

affect the tests. 

All calculations in the system are implemented using fixed point arithmetic which 

requires that the data is represented properly throughout the entire loop. If the data is 

poorly represented in only one step of the algorithm the performance will be greatly 

reduced. In order to assure that no data was lost, the data length was set to 16 bits with 

an integer part that provided a safety margin to data overflow on the integer part. 

However, representing the data with more integer bits and higher precision than needed 

affects the timing of the system and thus leaving room for improvements. 

The execution times stated in section 7.3 shows the theoretical maximum execution rate 

for the individual loops. However, when assembling the loops to a complete system 

several of the loops should operate at the same periodicity, e.g. it is desirable to read 

both current data and resolver data simultaneously. In this implementation the current 

reading is synchronized with the PWM signals. As has been discussed in section 6.2.5 

the frequency of the PWM signals is highly dependent of how fast the transistors in the 

three phase inverter can switch. If the system is not to be controlled more than once per 

sample, the FOC loop should operate at the same sampling frequency as the current 

reading. This implies that the bandwidth of the system depends on the speed of the 

transistors in the three phase inverter. 
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9 CONCLUSIONS 

This report has shown a method to control multiple axes individually using one single 

FOC loop without losing performance in the controller. However, due to problems with 

the timing on the FPGA no more than two motors were controlled. If optimizing the fixed 

point representation throughout the system it is likely to believe that four motors can be 

controlled using the sbRIO-9632 board. The current solution allows control of up to four 

motors simultaneously in terms of hardware. Due to the limitation of digital I/O’s, one 

motor requires 24 I/Os, on the NI sbRIO-9632 board four motors is the maximum 

number allowed. 

To verify the performance of the systems a number of motor parameters stated in the 

datasheet were investigated. The rated torque, rated power and rated speed were 

tested along with the torque constant and stall torque in the test bench. As has been 

shown, the systems are able to deliver rated torque, rated power at rated speed and at 

an Iq of 4,05 A which is about 15% lower than rated current provided by the datasheet. It 

is highly likely that this is a result of the inverter used. The calculations showed that 

there is an average difference factor of 1,8 between the theoretical and measured 

torque constant. Unfortunately, the authors of this report have not found any good 

explanation to this. The stall torque was difficult to derive using the setup described in 

this report but has been estimated from the trend of the rated torque curve from the 

torque/speed profile to 105 mNm. 

To verify the resolver data, the sine and cosine values retrieved from the Tamagawa 

smartcoder were studied in an XY graph. As expected, the results showed a point 

travelling in a circular trajectory of radius one with the rotation of the motor. However, an 

issue regarding the transmission of resolver data was detected that is probably a result 

of different ground levels on the different circuit boards used.   

The PWM frequency tests showed that with an increased frequency, the current ripple 

could be decreased in both the test bench results and the simulations. However, the 

tests in the test bench showed that if the PWM frequency is increased to much the 

motor currents get distorted. This is a result of that the MOSFET transistors in the three 

phase inverter does not get enough time to fully open and close between the pulses. 

When simulating the cases with different PWM frequencies no distortion could be 

detected. This is due to the fact that the MOSFET transistors used in the simulations 

are ideal. These results can be seen as a great example of the benefits of using a rapid 

prototyping system. 

The step responses gave a lot of information about the speed of the system. They 

showed that it was possible to see the effects of changes in the PI controller parameters 

almost immediately on the VI. When enabling the feed forward controller, the speed of 
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the system increased significantly for the standard PI parameters. The step response 

tests have demonstrated how powerful the NI platform is together with LabView for a 

rapid prototyping application. LabView makes it possible to monitor any internal data in 

the system both numerically and graphically during runtime. It is also very simple to tune 

the PI controllers and see the results almost immediately on the VI. Unfortunately no 

elaborated bandwidth measurements could be done due to lack of time and resources 

on the platform. However, an estimation based on the rise time of the system implies 

that the system bandwidth with a controller sampling frequency of 20 kHz is at least 4,4 

kHz. This estimation does not include the feed forward controller. Since the feed 

forward controller has been proved to speed up the system it is likely that the bandwidth 

can be improved.  

Throughout the project a new feed forward controller was developed and verified. The 

implemented controller was verified by running the system with feed forward control 

alone while monitoring the values of Vd and Vq. The values were compared with the 

output from a Simulink model of the controller and proved to coincide. At one point the 

error between the measured values and the simulated values reached 16.7%. This error 

is probably the effect of a misreading rather than an error in the controller. The values of 

Vd and Vq are rapidly changing when running the system which is making it hard to get 

an exact reading. 

9.1 Future work 

To further improve the systems a series of actions can be taken. 

 Numerical analysis of fixed point configurations. Investigate how small the 

variables in the system can be without losing data due to overflow or too poor 

accuracy. The total error in the system induced by the fixed point representation 

should also be investigated 

 Investigate maximum loop frequency allowed by the PI blocks 

 Include support for different types of motors in the multi axis system. The current 

version of the controller only supports that two similar motors are being 

controlled. 

 Perform more thorough testing of multi axis system 

 Design more intuitive front panels for both systems 

 Test the controller at different sampling frequencies and PWM frequencies.  

 Perform a frequency response analysis to derive the system bandwidth. 

 Improve the speed calculation. A possible solution is to implement a Kalman filter 

as proposed in [1]. 

 Test the disturbance rejection ability when a speed controller has been 

implemented. 
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 Model the dynamics of the test bench in Simulink  to assist deriving the 

parameters for a speed controller 

 Investigate if the friction in the motor can be related to the torque drop in the 

speed/torque profiles 

 Investigate the problems with the simulations of the complete system. If the 

complete system can be simulated the step responses for Iq can be compared 

with the step responses from the implemented system 

 Investigate the assumed ground level problems described in section 0 
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Appendix A Test results single axis system 

Table 19 Test results for positive Iq_ref 

Iq_ref Iq Vd Vq PM (W) PE (W) IRMS (A) 
URMS 

(V) 
Speed 
(rpm) 

Torque 
(mNm) 

IError 

(%) 

1,0 - 

-0,002 0,01 0,35 1,56 0,68 3,16 150 22,3 2,5 

-0,01 0,13 1,07 2,50 0,69 3,94 500 20,5 2,5 

-0,03 0,20 1,97 3,91 0,69 4,87 1000 18,8 2,5 

-0,05 0,27 2,70 5,33 0,69 5,66 1500 17,5 2,5 

-0,07 0,33 3,42 6,70 0,69 6,35 2000 16,3 2,5 

-0,10 0,40 4,02 8,09 0,69 6,97 2500 15,4 2,5 

-0,13 0,47 4,61 9,47 0,69 7,54 3000 14,6 2,5 

-0,17 0,54 5,12 10,80 0,69 8,07 3500 14 2,5 

-0,20 0,60 5,60 12,13 0,69 8,57 4000 13,2 2,5 

-0,23 0,67 6,10 13,40 0,69 9,05 4500 12,9 2,5 

1,5 - 

-0,004 0,12 0,55 3,21 1,03 3,7 150 35,4 3,0 

-0,02 0,17 1,76 4,62 1,03 4,38 500 33,6 3,0 

-0,04 0,24 3,34 6,73 1,03 5,25 1000 32,2 3,0 

-0,07 0,31 4,82 8,82 1,03 5,99 1500 30,6 3,0 

-0,10 0,37 6,17 10,90 1,03 6,66 2000 29,4 3,0 

-0,14 0,44 7,45 13,00 1,03 7,26 2500 28,5 3,0 

-0,17 0,50 8,64 15,00 1,03 7,82 3000 27,6 3,0 

-0,20 0,57 9,84 17,00 1,03 8,35 3500 26,9 3,0 

-0,25 0,64 11,01 19,00 1,03 8,84 4000 26,2 3,0 

-0,29 0,71 11,42 20,90 1,03 9,31 4500 25,7 3,0 

2,0 
- 

-0,008 0,16 0,71 5,47 1,37 4,20 150 48,7 3,2 
-0,03 0,21 2,40 7,36 1,38 4,80 500 45,8 2,5 

-0,06 0,27 4,74 10,10 1,38 5,60 1000 45,3 2,5 

-0,10 0,34 6,87 12,90 1,38 6,31 1500 43,6 2,5 

-0,13 0,41 8,91 15,70 1,38 6,96 2000 42,5 2,5 

-0,16 0,47 10,86 18,40 1,38 7,55 2500 41,5 2,5 

-0,20 0,53 12,45 21,20 1,38 8,10 3000 39,6 2,5 

-0,25 0,61 14,22 23,90 1,38 8,63 3500 38,9 2,5 

-0,30 0,67 16,10 26,50 1,38 9,13 4000 38,5 2,5 

1,7 -0,31 0,70 17,10 27,50 1,38 9,30 4500 38,9 18,8 
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Table 20 Test results for positive Iq_refs 

Iq_ref Iq Vd Vq PM (W) PE (W) IRMS (A) 
URMS 

(V) 
Speed 
(rpm) 

Torque 
(mNm) 

IError 
(%) 

2,5 
- 

-0,008 0,19 0,98 8,39 1,71 4,6 150 62,0 3,4 

-0,03 0,23 3,14 10,61 1,72 5,15 500 59,9 2,8 

-0,07 0,30 6,11 14,13 1,72 5,92 1000 58,3 2,8 

-0,11 0,37 8,96 17,60 1,72 6,62 1500 56,8 2,8 

-0,15 0,44 11,69 21,10 1,72 7,26 2000 55,8 2,8 

-0,19 0,50 14,36 24,50 1,72 7,84 2500 54,8 2,8 

-0,23 0,57 16,91 27,90 1,72 8,38 3000 53,9 2,8 

-0,29 0,64 19,54 31,30 1,72 8,94 3500 53,3 2,8 

-0,34 0,71 22,10 34,50 1,72 9,38 4000 52,6 2,8 

1,7 -0,31 0,72 13,50 23,60 1,15 9,38 4500 28,6 53,7 

3,0 

- 

-0,010 0,23 1,20 11,97 2,05 5,0 150 75,4 3,5 

-0,04 0,27 3,85 14,70 2,06 5,52 500 73,5 3,0 

-0,08 0,34 7,53 18,90 2,06 6,26 1000 71,9 3,0 

-0,12 0,41 11,10 23,10 2,06 6,93 1500 70,4 3,0 

-0,17 0,48 14,50 27,30 2,06 7,54 2000 69,1 3,0 

-0,22 0,54 17,84 31,40 2,06 8,12 2500 68 3,0 

-0,27 0,61 21,04 35,40 2,06 8,65 3000 67 3,0 

-0,32 0,67 24,30 39,30 2,06 9,17 3500 67 3,0 
2,65 -0,35 0,72 23,10 36,00 1,79 9,43 4000 55,0 18,5 
1,7 -0,31 0,72 13,80 23,90 1,16 9,40 4500 29,4 84,5 

3,5 

- 

-0,01 0,26 1,40 16,2 2,4 5,38 150 88,5 3,1 

-0,04 0,31 4,49 19,40 2,41 5,88 500 85,8 2,7 

-0,09 0,38 8,85 24,40 2,40 6,58 1000 84,4 3,1 

-0,14 0,45 13,10 29,30 2,40 7,24 1500 83,1 3,1 

-0,19 0,52 17,20 34,10 2,40 7,84 2000 82,6 3,1 

-0,25 0,58 21,30 38,90 2,40 8,40 2500 81,4 3,1 

-0,31 0,64 25,40 43,70 2,40 8,92 3000 80,5 3,1 
3,45 -0,36 0,72 28,50 46,00 2,35 9,34 3500 76,8 5,3 
2,65 -0,36 0,72 23,40 37,00 1,81 9,45 4000 56,0 36,7 
1,7 -0,31 0,72 14,30 23,70 1,16 9,40 4500 30,6 113,4 
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Table 21 Test results for positive and negative Iq_refs 

Iq_ref Iq Vd Vq PM (W) PE (W) 
IRMS 

(V) 
URMS 

(V) 
Speed 
(rpm) 

Torque 
(mNm) 

IError 

(%) 

4,0 

- 

-0,01 0,30 1,6 20,96 2,74 5,72 150 101,8 3,2 

-0,05 0,35 5,16 25,10 2,74 6,25 500 98,6 3,2 

-0,10 0,42 10,21 30,80 2,74 6,91 1000 97,3 3,2 

-0,15 0,49 15,24 36,30 2,74 7,55 1500 96,5 3,2 

-0,21 0,55 20,00 41,80 2,74 8,15 2000 95,9 3,2 

-0,27 0,62 24,70 47,20 2,74 8,67 2500 94,5 3,2 

-0,34 0,68 29,60 52,75 2,74 9,2 3000 93,8 3,2 
3,6 -0,37 0,71 30,2 50,00 2,45 9,46 3500 82,5 15,4 
2,7 -0,36 0,71 23,8 37,4 1,83 9,47 4000 56,9 54,6 
1,7 -0,31 0,72 14,4 23,9 1,16 9,40 4500 30,6 143,8 

4,05 

- 

-0,01 0,31 1,62 21,6 2,78 5,77 150 103,2 3,0 

-0,05 0,36 5,25 26,15 2,78 6,32 500 100,2 3,0 

-0,10 0,43 10,42 31,70 2,78 6,97 1000 99,4 3,0 

-0,16 0,50 15,46 37,30 2,78 7,60 1500 98,1 3,0 

-0,22 0,56 20,40 42,70 2,78 8,16 2000 97,1 3,0 

-0,28 0,63 25,10 48,20 2,78 8,72 2500 95,7 3,0 

-0,34 0,70 29,93 53,80 2,78 9,25 3000 95,5 3,0 
3,6 -0,38 0,71 29,70 49,90 2,47 9,46 3500 80,0 15,9 
2,7 -0,36 0,72 23,80 37,50 1,80 9,46 4000 54,0 59,1 
1,7 -0,31 0,72 14,20 23,70 1,15 9,40 4500 30,2 149,0 

-1,0 
- 

-0,002 -0,08 0,24 1,54 0,69 3,15 150 -15,4 2,5 

-0,01 -0,13 0,71 2,50 0,69 3,91 500 -13,45 2,5 

-0,03 -0,20 1,09 3,90 0,69 4,85 1000 -10,2 2,5 

-0,04 -0,27 1,37 5,30 0,69 5,63 1500 -8,4 2,5 

-0,06 -0,34 1,58 6,31 0,69 6,32 2000 -7,3 2,5 

-0,08 -0,41 1,64 8,10 0,69 6,93 2500 -6,4 2,5 
-0,11 -0,47 1,90 9,40 0,69 7,50 3000 -6,1 2,5 
-0,14 -0,54 2,20 10,80 0,69 7,90 3500 -6,1 2,5 

- - - - - - - 4000 - - 

- - - - - - - 4500 - - 
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Table 22 Test results for negative Iq_refs 

Iq_ref Iq Vd Vq PM (W) PE (W) 
IRMS 

(A) 
URMS 

(V) 
Speed 
(rpm) 

Torque 
(mNm) 

IError 
(%) 

-1,5 - 

-0,005 -0,12 0,45 3,15 1,03 3,67 150 -28,6 3,0 

-0,02 -0,17 1,36 4,60 1,03 4,36 500 -25,7 3,0 

-0,04 -0,24 2,46 6,69 1,03 5,22 1000 -23,4 3,0 

-0,06 -0,30 3,48 8,77 1,03 5,95 1500 -22,1 3,0 

-0,09 -0,37 4,45 10,87 1,03 6,61 2000 -21,1 3,0 

-0,11 -0,44 5,35 12,94 1,03 7,21 2500 -20,3 3,0 

-0,15 -0,50 6,04 15,00 1,04 7,75 3000 -19,3 2,0 

-0,18 -0,57 7,03 17,02 1,03 8,27 3500 -19,2 3,0 

-0,22 -0,64 7,89 19,03 1,03 8,75 4000 -18,7 3,0 

-0,26 -0,71 8,63 21,00 1,03 9,22 4500 -18,3 3,0 

-2,0 
- 

-0,007 -0,15 0,66 5,33 1,38 4,13 150 -41,8 2,5 

-0,03 -0,20 2,03 19,69 1,38 7,28 500 -38,7 2,5 

-0,05 -0,27 3,83 10,06 1,38 5,56 1000 -36,7 2,5 

-0,08 -0,34 5,55 12,86 1,38 6,26 1500 -35,2 2,5 

-0,11 -0,40 7,20 15,62 1,38 6,90 2000 -34,4 2,5 

-0,15 -0,47 8,87 18,40 1,38 7,48 2500 -34,0 2,5 

-0,18 -0,54 10,48 21,13 1,38 8,02 3000 -33,1 2,5 

-0,23 -0,60 11,88 23,83 1,38 8,54 3500 -32,5 2,5 

-0,27 -0,67 13,41 26,52 1,37 9,01 4000 -32,2 3,2 

-1,7 -0,27 -0,72 10,90 23,90 1,16 9,30 4500 -23,3 21,9 

-2,5 
- 

-0,01 -0,19 0,86 8,15 1,72 4,55 150 -55,1 2,8 

-0,03 -0,24 2,72 10,62 1,72 5,14 500 -51,9 2,8 

-0,06 -0,30 5,23 14,12 1,72 5,90 1000 -50,1 2,8 

-0,10 -0,37 7,68 17,57 1,72 6,58 1500 -48,9 2,8 

-0,14 -0,44 10,05 21,03 1,72 7,19 2000 -48,1 2,8 

-0,18 -0,50 12,41 24,47 1,72 7,76 2500 -47,5 2,8 

-0,22 -0,57 14,75 27,89 1,72 8,30 3000 -47,0 2,8 

-0,26 -0,64 17,05 31,24 1,72 8,80 3500 -46,5 2,8 

-0,31 -0,70 19,43 34,70 1,72 9,28 4000 -46,4 2,8 
-1,7 -0,28 -0,72 11,4 24,4 1,18 9,33 4500 -24,0 49,8 
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Table 23 Test results for negative Iq_refs 

Iq_ref Iq Vd Vq PM (W) PE (W) 
IRMS 

(A) 
URMS 

(V) 
Speed 
(rpm) 

Torque 
(mNm) 

IError 

(%) 

-3,0 

- 

-0,01 -0,22 1,07 11,61 2,06 4,93 150 -68,5 3,0 

-0,04 -0,27 3,44 14,55 2,06 5,50 500 -65,5 3,0 

-0,08 -0,34 6,67 18,80 2,06 6,22 1000 -63,6 3,0 

-0,12 -0,41 9,77 22,98 2,06 6,88 1500 -62,3 3,0 

-0,16 -0,47 12,91 27,10 2,06 7,48 2000 -61,6 3,0 

-0,21 -0,54 15,96 31,20 2,06 8,04 2500 -61,0 3,0 

-0,25 -0,60 19,03 32,32 2,06 8,55 3000 -60,4 3,0 

-0,30 -0,66 21,70 39,30 2,05 9,00 3500 -59,9 3,5 

-2,7 -0,28 -0,71 21,40 38,20 1,86 9,40 4000 -51,0 14,0 

-1,7 -0,28 -0,72 11,6 24,6 1,18 9,33 4500 -24,6 79,8 

-3,5 

- 

-0,01 -0,26 1,30 15,80 2,40 5,3 150 -81,8 3,1 

-0,04 -0,31 4,12 19,40 2,40 5,87 500 -78,6 3,1 

-0,09 -0,38 8,05 24,30 2,40 6,55 1000 -76,9 3,1 

-0,13 -0,45 11,86 29,20 2,40 7,18 1500 -75,6 3,1 

-0,18 -0,51 15,64 33,98 2,40 7,78 2000 -74,7 3,1 

-0,24 -0,58 19,45 38,70 2,40 8,32 2500 -74,2 3,1 

-0,29 -0,64 23,15 43,50 2,40 8,82 3000 -73,6 3,1 

-0,34 -0,70 26,30 47,80 2,38 9,31 3500 -72,0 4,0 
-2,7 -0,33 -0,71 21,80 38,5 1,87 9,40 4000 -52,1 32,3 
-1,7 -0,28 -0,72 12,00 24,50 1,19 9,30 4500 -25,7 108,0 

-4,0 
 

- 

-0,02 -0,29 1,49 20,7 2,74 5,7 150 -94,9 3,2 

-0,05 -0,35 4,77 25,12 2,74 6,24 500 -91,2 3,2 

-0,10 -0,42 9,37 30,75 2,74 6,89 1000 -89,7 3,2 

-0,15 -0,49 13,88 36,30 2,74 7,50 1500 -88,3 3,2 

-0,21 -0,55 18,29 41,76 2,74 8,06 2000 -87,3 3,2 

-0,26 -0,62 22,71 47,15 2,74 8,60 2500 -86,7 3,2 

-0,32 -0,68 27,12 52,60 2,74 9,10 3000 -86,3 3,2 

-3,6 -0,35 -0,71 27,90 50,10 2,74 9,36 3500 -75,9 14,5 

-2,7 -0,34 -0,72 22,30 38,88 1,88 9,40 4000 -52,9 50,4 
-1,7 -0,28 -0,72 12,4 24,9 1,19 9,30 4500 -26,1 137,7 
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Table 24 Test results of negative Iq_refs 

Iq_ref Iq Vd Vq PM (W) PE (W) 
IRMS 

(A) 
URMS 

(V) 
Speed 
(rpm) 

Torque 
(mNm) 

IError 
(%) 

-4,05 

- 

-0,02 -0,30 1,51 21,5 2,79 5,75 150 -96,3 2,6 

-0,05 -0,35 4,82 25,71 2,78 6,27 500 -92,1 3,0 

-0,10 -0,43 9,48 31,60 2,78 6,94 1000 -90,5 3,0 

-0,15 -0,49 14,06 37,20 2,78 7,55 1500 -89,4 3,0 

-0,21 -0,56 18,56 42,70 2,78 8,11 2000 -88,4 3,0 

-0,27 -0,62 23,00 48,10 2,78 8,64 2500 -87,7 3,0 

-0,33 -0,68 27,45 53,62 2,78 9,15 3000 -87,3 3,0 

-3,6 -0,35 -0,71 27,07 49,10 2,78 9,38 3500 -73,9 3,0 
-2,7 -0,33 -0,72 21,4 38,8 1,87 9,4 4000 -51,3 53,1 
-1,7 -0,28 -0,72 11,3 24,5 1,18 9,3 4500 -24,3 142,7 

-4,4 - 

-0,06 -0,38 5,19 29,45 2,95 6,49 500 -98,9 3,3 

-0,11 -0,45 10,20 35,50 2,95 7,12 1000 -97,5 3,3 

-0,16 -0,52 15,10 41,40 2,95 7,70 1500 -96,2 3,3 

-0,22 -0,58 20,00 47,15 2,95 8,26 2000 -95,4 3,3 

-0,28 -0,64 24,81 52,95 2,95 8,79 2500 -94,7 3,3 

-0,35 -0,70 29,70 58,90 2,95 9,28 3000 -94,4 3,3 
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Appendix B Test results multi axis system 

Table 25 Multi axis measurements on motor one 

Iq ref Vd Vq Pm (W) Pe (W) 
Speed 
(rpm) 

Torque 
(mNm) 

Irms (A) Urms (V) 

 
1,0 

 

-0,03 0,20 1,89 3,9 1000 17,7 0,68 4,89 

-0,08 0,34 3,23 6,7 2000 15,7 0,68 6,34 

-0,13 0,47 4,25 7,5 3000 13,5 0,69 7,55 

 
2,0 

 

-0,05 0,27 4,72 10,2 1000 45,0 1,37 5,63 

-0,12 0,41 8,90 15,7 2000 42,5 1,37 6,98 

-0,21 0,54 12,50 21,1 3000 39,9 1,37 8,12 

 
3,0 

 

-0,08 0,34 7,54 19,6 1000 71,8 2,05 6,28 

-0,17 0,48 14,40 27,1 2000 68,7 2,06 7,54 

-0,27 0,60 20,80 35,2 3000 66,5 2,05 8,65 

 
4,0 

 

-0,10 0,42 10,30 30,3 1000 98,4 2,74 6,88 

-0,22 0,54 19,90 41,1 2000 95,2 2,74 8,13 

-0,34 0,68 29,3 52,2 3000 94,8 2,74 9,18 
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Appendix C Fixed point representation 

Table 26 Fixed point representation of all variables in the system 

 Data 
length 

Integer 
length 

Max/Min Delta  

ia  12 bits 12 bits 4095/0 1,0 Format from SPI 

ib 12 bits 12 bits 4095/0 1,0 Format from SPI 

θ 12 bits 12 bits 4095/0 1,0 Format from SPI 

Sin(θ) 16 bits 2 bits 1,9999/-2,0 6,1035E-5 Default from LabView block 

Cos(θ) 16 bits 2 bits 1,9999/-2,0 6,1035E-5 Default from LabView block 

IA(scaled) 16 bits 5 bits 15,9995/-16,0 0,0005  

IB(scaled) 16 bits 5 bits 15,9995/-16,0 0,0005  

Iα 16 bits 5 bits 15,9995/-16,0 0,0005  

Iβ 16 bits 5 bits 15,9995/-16,0 0,0005  

Id 16 bits 5 bits 15,9995/-16,0 0,0005  

Iq 16 bits 5 bits 15,9995/-16,0 0,0005  

Vd 16 bits 5 bits 15,9995/-16,0 0,0005  

Vq 16 bits 5 bits 15,9995/-16,0 0,0005  

Vd(scaled) 16 bits 3 bits 3,9999/-4,0 0,0001  

Vq(scaled) 16 bits 3 bits 3,9999/-4,0 0,0001  

Vα 16 bits 3 bits 3,9999/-4,0 0,0001  

Vβ 16 bits 3 bits 3,9999/-4,0 0,0001  

Vr1 16 bits 3 bits 3,9999/-4,0 0,0001  

Vr2 16 bits 3 bits 3,9999/-4,0 0,0001  

Vr3 16 bits 3 bits 3,9999/-4,0 0,0001  
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Appendix D Pin planning 

Table 27 Pin planning for motor one and the single axis system 

Name PORT DIO  

PWM_SYNC Port 0 DIO 9 Synchronization pin for PWM and current read 

SCK Port 1 DIO 0 SPI clock for Tamagawa smartcoder 

SCSB Port 1 DIO 1 Chip select for Tamagawa smartcoder 

MOSI Port 1 DIO 2 Data to current ADC:s 

MISO_U Port 1 DIO 3 Phase U current data 

CS Port 1 DIO 4 Chip select for current ADC:s 

SCLK Port 1 DIO 5 SPI clock for current ADC:s 

MISO_V Port 1 DIO 6 Phase V current data 

DR_TRIP_1N Port 1 DIO 7 Inverter on/off 

PWM_U_low Port 1 DIO 8 Phase U PWM signal lower transistor 

DATA Port 1 DIO 9 Resolver data 

PWM_V_low Port 2 DIO 0 Phase V PWM signal lower transistor 

PWM_V_high Port 2 DIO 1 Phase V PWM signal upper transistor 

PWM_W_low Port 2 DIO 2 Phase W PWM signal lower transistor 

PWM_W_high Port 2 DIO 3 Phase W PWM signal upper transistor 

PWM_U_high Port 2 DIO 9 Phase U PWM signal upper transistor 

 

Table 28 Pin planning for motor two 

Name PORT DIO  

DATA Port 3 DIO 4 Resolver data 

SCK Port 3 DIO 5 SPI clock for Tamagawa smartcoder 

SCSB Port 3 DIO 6 Chip select for Tamagawa smartcoder 

MOSI Port 3 DIO 7 Data to current ADC:s 

MISO_U Port 3 DIO 8 Phase U current data 

SCLK Port 4 DIO 0 SPI clock for current ADC:s 

MISO_V Port 4 DIO 1 Phase V current data 

DR_TRIP_1N Port 4 DIO 2 Inverter on/off 

PWM_U_low Port 4 DIO 3 Phase U PWM signal lower transistor 

PWM_U_high Port 4 DIO 4 Phase U PWM signal upper transistor 

PWM_V_low Port 4 DIO 5 Phase V PWM signal lower transistor 

PWM_V_high Port 4 DIO 6 Phase V PWM signal upper transistor 

PWM_W_low Port 4 DIO 7 Phase W PWM signal lower transistor 

PWM_W_high Port 4 DIO 8 Phase W PWM signal upper transistor 

CS Port 4 DIO 9 Chip select for current ADC:s 

PWM_SYNC Port 7 DIO 9 Synchronization pin for PWM and current read 

 

  


