


D.4 YASKAWA emrl-43p7a-eul3 permanent mag-
net motor

Table D.1: YASKAWA emr1-43p7a-eul3 nameplate

Name Data
Manufacturer YASKAWA
Product PMSM
Type emrl-43p7a-eul3
Pole number 10
Rated power 3, 7kW
Rated voltage 289V
Rated current 8,4A
Efficiency 0,91
Power factor 0,97
Rated speed 1750
Rated frequency 146




Table D.2: YASKAWA emrl1-43p7a-eul3 datasheet

Description Unit Value
Rated power kW 3,7
Rated frequency Hz 145,8
Lowest frequency Hz 6,0
Pole number - 10
Rated voltage \" 360
Nominal current A 8.3
Winding resistance Q 0,841
D-axis inductance mH 10,40
Q-axis inductance mH 10,40
Voltage constant "::nj 165,41



Appendix E

Source code listings

Listing E.1: DRP interface controller

21
2
23
24
25
2
27
28

function [den_o, daddr_o, val_o] = xadc_ctrl(drdy_i, do_1i)
$#codegen

% Constants and defines

Fixed point data types

FM = hdlfimath;

NT_ADDR = numerictype (false, 7,0);
NT_VAL = numerictype (false,16,0);
NT_STATE = numerictype(false,2,0); % State

o° o

The state machine will loop over the defined addresses
reading out each wvalue

See Xilinx ug480 for more information

ADDR_SEQ = fi([3 16 24], ... % Value addresses

NT_ADDR, FM) ;

o° oo oe

NUM_VALS = numel (ADDR_SEQ); % Number of values to read

% Define the index data type based on the number of values
NT_ADDR_IDX =
numerictype (false,ceil (log2 (NUM_VALS))+1,0); % index
% State machine defines
STATE_IDLE = fi(0,NT_STATE,FM);
STATE_ADDR = fi (1,NT_STATE,FM);
STATE_EN = fi (2,NT_STATE,FM);
STATE_WAIT = fi(3,NT_STATE,FM);

[

% Declare registers
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persistent state val addr den addr_idx;
% Set reset values

if isempty(state)

state = STATE_IDLE;

val = fi(zeros (NUM_VALS,1),NT_VAL,FM);
addr = fi(0,NT_ADDR,FM);

den = false;

addr_idx = fi (0,NT_ADDR_IDX,FM);

%% Drive the outputs
daddr_o = addr;
den_o = den;

val_o = val;

%% Control the state
switch (state)
case STATE_IDLE

[

% IDLE state, increment the index

if (addr_idx == NUM_VALS)
addr_idx(:) = 1;

else

addr_idx(:) = addr_idx + 1;
end

state(:) = STATE_ADDR;

case STATE_ADDR
% ADDR state, write out the address

addr (:) = ADDR_SEQ (addr_idx) ;
den(:) = false;
state(:) = STATE_EN;

case STATE_EN

% EN state, drive the enable high
state(:) = STATE_WAIT,

den(:) = true;

case STATE_WAIT

% WAIT state, wait for drdy

if (drdy_1i)

val (addr_idx) = do_i;
state(:) = STATE_IDLE;
end

den(:) = false;

end

Listing E.2: Initialization of model predictive current controller for PMSM

1
2

\begin{lstlisting}

o

°

Initialization file for model predictive control




48

49

of a permanent magnet synchronus machine

The following implementation utilizes alpha beta
frame in order to simplify the implementation on FPGA.

o° o© o o° o° o

(c) Eirik Haustveit, 2016.

% Variables required by the control algorithm

global Ts Rs Ls p sw_states v_vect_alpha v_vect_beta
% Sampling time of the predictive algorithm [s]

Ts = 4e-5;

% Machine parameters

J = 0.0027; % Moment of inertia [kg m"2]

p = 1; % Pole pairs

Ls = 0.000395; % Stator inductance [H]

Rs = 0.0485; % Stator resistance [Ohm]
psi_m = 0.1194; % Permanent magnet flux [Wb]

$T_nom = 20; % Nominal torque [Nm]
i_max = 50; % Rated current [A]

% DC-1link voltage [V]
% This should normally be measured.
Vdc = 540;

Define the possible voltage output vectors
from the 2 level, three phase inverter.
v0_alpha = 0;

vl_alpha = 2/3%Vdc;

v2_alpha = 1/3%Vdc;

)
<
o

°

v3_alpha = -1/3%Vdc;
v4_alpha = -2/3%Vdc;
v5_alpha = -1/3%Vdc;

v6_alpha = 1/3xVdc;
v7_alpha = 0;

v0_beta = 0;
vl_beta = 0;
v2_beta = sqgrt (3)/3xVdc;
v3_beta = sqrt (3)/3xVdc;
v4_beta = 0;
v5_beta = sqrt (3)/3xVdc;
v6_beta = sqgrt (3)/3xVdc;
v7_beta = 0;

v_vect_alpha = [v0O_alpha, vl_alpha, v2_alpha, v3_alpha,
v4_alpha, v5_alpha, v6_alpha, v7_alphal;

v_vect_beta = [v0_beta, vl_beta, v2_beta, v3_beta,
v4_beta, v5_beta, v6_beta, v7_betal;




50
51
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Define the possible switching states for the inverter.

Each swiching state corresponds to a voltage vector

as defined previously.

sw_states = [0 O 0;1 0 0;1 1 0;0 1 0;0 1 1;0 0 1;1 O 1;1 1 171;

o o oP

Listing E.3: Model predictive current controller for PMSM

29

30
31
32

33
34

% Model predictive control of permanent magnet synchronus
machine.

function [ga, gb, gc, id_pred_opt, igq_pred_opt, v_out_d,
v_out_gl] = fcn(id, iq, id_ref, ig _ref, omega_r, theta_r)

% Variables defined in the parameters file

global Rs Ls Ts psi_m sw_states v_vect_alpha v_vect_beta i_max
% Persistent variables

persistent x_opt

% Make sure x_opt always has a value
if isempty(x_opt), x_opt = 1; end

% Assign a large initial value to the optimum
% cost, in order for the initial value to not be optimal.
g_opt = inf;

% Compute the sine and cosine of the rotor angle.
p_sine = sin(theta_r);
p_cosine = cos(theta_r);

id_pred_opt = 0;
ig_pred_opt 0;

% Iterate over the possible output voltage vectors

for i = 1:8

% Rotate the voltage vectors to dg-frame using the current
% rotor angle theta_r

v_out_g = (p_cosine * v_vect_alpha(i)) + (p_sine x
v_vect_beta(i));
v_out_d = (p_cosine * v_vect_beta(i)) - (p_sine x

v_vect_alpha(i));

% Predict the d-axis current at the next iteration

id_pred = (1 - (Rs*Ts/Ls))*id + (Tsxomega_r=*iq) +
(Ts/Ls) xv_out_d;

% Predict the g-axis current at the next iteration

ig pred = (1 - (Rs*Ts/Ls))xig + (Tsxomega_r=*id) +
(Ts/Ls)*v_out_g — (psi_mromega_r=*Ts);
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if(id_pred > i_max || ig_pred > i_max)

g = inf;

else

g = abs(id_ref - id_pred) + abs(ig_ref - ig pred);
%g = (id_ref - id_pred)”2 + (ig_ref - iqg pred)"2;
end

If the cost of the vector at the current iteration is
less than the cost at the previous iteration, a more
optimum vector has been found.
(g < g_opt)
g_opt = g;
id_pred_opt id_pred;
ig_pred_opt = iqg_pred;
x_opt = 1i;
end
end

- 00 P oe

[
H

% Output switching states
ga = sw_states (x_opt,1);
gb = sw_states (x_opt,2);

57 gc = sw_states (x_opt,3);
Listing E.4: Determine compare values for SV-PWM
1 function [Ta, Tb, Tc] = fcn(T1l, T2, TO, Sector)
2 %$#codegen
3 switch Sector
4 case 1

Ta = T1 + T2 + TO0/2;
Tb = T2 + T0/2;

Tc = TO0/2;

case 2

Ta = T1 + TO0/2;

Tb = T1 + T2 + TO0/2;

Tc = T0/2;
case 3
Ta = TO0/2;

Tb = T1 + T2 + T0/2;
Tc = T2 + TO0/2;

case 4

Ta = T0/2;

To = T1 + T0/2;

Tc = T1 + T2 + TO0/2;
case 5

Ta = T2 + T0/2;

Tb = T0/2;
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Tc = T1 + T2 + TO0/2;

case 6

Ta = Tl + T2 + T0/2;
Tb = T0/2;

Tc = T1 + T0/2;
otherwise

Ta = 0;

Tb = 0;

Tc = 0;

end




Appendix F

Tools and equipment

Table F.1: List of software tools

Manufacturer Name Version no. Description
MathWorks Matlab R2015b Simulation and development
Xilinx Vivado 2014.4 Webpack FPGA development
National instruments Multisim 14.0 Circuit simulation
Cadsoft Eagle 7.5.0 Circuit board layout
Microchip Filterlab 2.0 Active filter design



Table F.2: List of laboratory equipment

Equipment Model Serial no. NTNU serial no.
Oscilloscope Tektronix TDS2014 CO013005 G04-0258
Oscilloscope Tektronix TDS2014B C103265 G04-0350
Differential probe Tektronix P5S200A C020619 106-0514
Differential probe Tektronix P5200A C020622 106-0519
Current probe Fluke 80i-110S 104-0521
Function generator TTi TG320 344011 C02-0622
Multimeter Fluke 112 S03-0354
Power supply Instek GPC-3030DQ B02-0458



Appendix G

Operating system

G.1 Loading the bitstream to PL from PS

During development the bistream is typically transfered using JTAG. However as
the FPGA configuration is lost during reboot, this is not practical for a production
design.

If the Zynq SoC is running Linux, it is possible to have the operating system load
the bitstream automatically.

The Linux kernel typically initializes a device file at /dev/xdevcfg that may be used
to program the PL. The bitstream file may be copied to the SD-card and it is the
task of the operating system to transfer this file during the final stage of the boot
process.

The following section covers how to load the bitstream manually by executing
commands on the Linux terminal.

If the device file does not exist, it may be created with the mknod command.

1 mknod /dev/xdevcfg ¢ 259 0 > /dev/null

This assumes that a appropriate driver is loaded at the correct device number. ¢
tells mknod to create a char device, 259 and O are the major and minor device
numbers respectively.




Preparing the bitstream

Before the bitsream is transfered it must be bitswapped. This may be achieved by
the bootgen utillity supplied by Xilinx.

The bootgen utility utilizes a so called BIF file to define how it operates. The
following example may be used if the goal is to simply generate a bitswapped
bitstream, where system_top_wrapper.bit is the generated bitsream output from
Vivado.

all:

{
system_top_wrapper.bit
}

T N

If the file is named all.bif, the following command converts the bitstream.

1 bootgen —-image all.bif -w -process_bitstream bin

The generated system_top_wrapper.bit.bin should be copied to an appropriate lo-
cation on the SD-card.

Transferring

Once the operating system is booted, the bitstream may be transferred using the
following Linux command. This should probably be executed automatically in a
production design.

1 cat system_top_wrapper.bit.bin > /dev/xdevcfg

The following command should return 1 to indicate that programming was suc-
cessful.

1 cat /sys/devices/amba.0/£8007000.devcfg/prog_done
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i? ~qg-axis predicted current. 23

sq

ijq g-axis reference current. 23, 24
J mechanical inertia. 133

L, stator magnetizing inductance. 35

m

u(t) Measurement noise. 39
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