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Permanent Magnet Generator

Part 1.0)

The machine cross-section consist of 6 permanent magnets making up the poles. The machine is radial, meaning that the
magnets are arranged radially around the rotor. The schematic shows the a, b, and, c phases of the Y-connected armature.
The damping bars are illustrated as the shorted windings kd and kq. The shorted windings sd and sq represent the shorted
collar which also acts as a damping circuit. In Figure 1a, for simplicity, the stator windings are drawn as one coil, but in
the actual machine they would be many coils arranged sinusoidally with peaks at the location drawn [1]. Here we assume a
2-pole rotor for the schematic in Figure 1b.

Figure 1: a) Machine Cross-Section. b) Machine Axes Schematic Diagram [2]

The state space model for a 6 pole 3 phase permanent magnet type synchronous machine is given below in the general
form Ẋ = AX +BU . The model neglects the effects from the damper bars, and the permanent magnetic is replaced with an
equivalent field winding coil around the rotor with constant field current. This introduces a no-load phase to neutral back
electromotive force vector on the armature phase winding with components ea, eb, and ec [2]. The field winding current is
constant and thus not considered as one of the state variables in (1) [3]. We can calculate the values for A and B in given
the resistance, self, and mutual inductance of the stator windings which results with values in (2).i̇ai̇b
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A = −L−1 ·R B = L−1

A =

−63.827 5.8025 5.8025
5.8025 −63.827 5.8025
5.8025 5.8025 −63.827

 B =

 6.7901 −0.6172840 −0.6172840
−0.6172840 6.7901 −0.6172840
−0.6172840 −0.6172840 6.7901

× 103 (2)

Part 2.0)

We developed a state-space model in Simulink to show the transient and steady state values for the armature windings and
output torque shown in Figure 2. The mechanical frequency is assumed to be held constant by the prime mover and the
rotor field permanent magnet has been replaced with an equivalent rotor field electromagnet winding of constant current
[2]. The terminal voltages are given as functions of the electrical angular position where Va = Vm cos(ωet) and the internal
generator voltage from the movement of the fictitious field winding is governed by Ea = Emcos(ωet − 0.46). The B and C
phase windings are shifted by 120 and 240 degrees respectively, and we can substitute the electrical angular position for ωet
given the prime mover holds the speed of the machine constant. The appendix of this document contains Matlab functions
used in the Simulink model for the armature winding voltages and the internal generator voltages as a function of θe.

Figure 2: Simulink Overall

The submodel calculates the machine torque from (3) and (4) where the internal generated voltage, phase winding currents,
and electrical frequency are provided as input parameters shown in Figure 3.

T =
Pconv

ωm
=

eaia + ebib + ecic
ωm

(3)

ωm =
2

P
ωelectrical (4)
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Figure 3: Torque Calculation

Simulink also has a built in State-Space Model Solver in the form ẋ = Ax+ Bu and y = Cx+Du, where x is Iabc: the
state of the armature winding currents, and u is the input: the voltage drop in the windings as shown by the forcing function
shown in (5). The block model internal parameters for A and B can be calculated from the winding resistance, self, and
mutual inductance values discussed in Part 1 which gives values in (2). Values C and D are ‘diag([1,1,1])‘ and 0̂ respectively
to make the block output its state. We used this built-in model, shown in Figure 4, to help verify the results from our method
above.

Vabc −Eabc =

 va − Em cos(θe − 0.46)
vb − Em cos(θe − 0.46− 2π/3
vc − Em cos(θe − 0.46− 4π/3)

 (5)

Figure 4: Simulink Model Using State Space Block

2.1 PM Motor Operation)

The prime mover applies power to the rotor and maintains constant angular mechanical frequency. At time t=0, the terminal
voltage are connected to an arbitrary load with phase to neutral voltage, Vabc. The movement of the rotor generates an
internal voltage in the synchronous motor with per phase currents on the armature winding shown in Figure 5a. We can
calculate the induced torque from the converted power using (3) and the synchronous machine generates steady-state torque
of 38.7 N/m shown in Figure 5b. Neglecting stray, friction, and core losses in the machine, the applied torque from the prime
mover would be equal to the induced torque plus the ohmic losses in the armature windings. The prime mover would have
to apply a torque of 40 N/m such that the induced toque plus the copper losses maintains a terminal voltage of Vabc.
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Figure 5: a) Armature Winding Currents b) Induced Torque

In Figure 5a we can see the spikes in current due to the voltage being applied at time t=0. The mismatch between them
is due to the rotor position when they are energized. This mismatch also causes oscillations in the torque developed. As the
transients die out we see the currents balancing out and the system reaching steady state at around 0.04 seconds. In Figure
5b we can see rapid oscillation in torque before reaching steady state. This oscillation is due to the rotor attempting to align
with the magnetic fields of the stator.

2.2 PM Generator Operation)

In this section, the synchronous machine has the terminal voltage shorted to neutral at time t=0. We assume the prime
mover is holding the mechanical frequency of the rotor constant. When the terminals are shorted to neutral, the synchronous
machine is not connected to a load and the induced torque is only slightly negative due to the copper losses in the armature
phase windings shown in Figure 6b. If the winding losses were ignored, the output toque would be zero. The armature
winding currents, Iabc, in Figure 6a are greater than when the windings are connected to a load shown in Figure 5a and we
would expect a rise in temperature of the synchronous machine while operating in this mode.

Figure 6: a) Armature Winding Currents b) Induced Torque

In Figure 6a we see that at time t=0, when the phases are shorted, there is a spike in phase currents due to high transient
and sub-transient effects in the stator windings. The sub-transient effects cause the initial spike but decay very quickly. The
transient effects decay slower until the system reaches steady state. In Figure 6b we see the effect the high current has on
torque when the mechanical speed is held constant. When the current spikes due to the phases shorting, torque must increase
to maintain the mechanical speed of the system.
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2.3 Contributions

Tasks Eric Hildenbrandt Devon Davis Joseph Brownlee
Formulations & Calculations 30 % 40 % 30 %
MATLAB/Simulink Coding 30 % 30 % 40 %

Report Writing 40 % 30 % 30 %
Overall % Contribution/Member 100 % 100 % 100 %
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Appendix: Matlab

Calculate A and B Matrices

% M5 Assignment 1: PM Generator

Lsa = 150e-6; %self inductance

Lma = 15e-6; %mutual inductance

L = [Lsa , Lma , Lma;

Lma , Lsa , Lma;

Lma , Lma , Lsa];

rs = 9.4e-3; %phase resistance

R = diag([rs rs rs]);

A = -inv(L)*R

B = inv(L)

Calculate Phase to Neutral Voltage

function Vabc = fcn(theta_e)

Vm = 74;

va = Vm*cos(theta_e);

vb = Vm*cos(theta_e - 2*pi/3);

vc = Vm*cos(theta_e - 4*pi/3);

Vabc = [va;vb;vc];

Calculate Internal Generated Voltage

function Eabc = fcn(theta_e)

Em = 63;

ea = Em*cos(theta_e - 0.46);

eb = Em*cos(theta_e - 0.46 - 2*pi/3);

ec = Em*cos(theta_e - 0.46 - 4*pi/3);

Eabc = [ea;eb;ec];

Matlab Figure Generator

out = sim (" PM_Project_SP25.slx");

mkdir figs

xlims_zoom =[0 0.1];

figure (1)

plot (out.Iabc)

title (" Phase Currents ")

ylabel (" Current [ A ]")

legend ([" phase a " , " phase b " , " phase c "])

saveas ( gcf , 'figs/currents.png')

figure (4)

plot (out.Torque)

title (" Developed Torque ")

ylabel (" Torque ( N / m ) ")

saveas ( gcf , 'figs/torque.png')

time = out.Iabc.Time (:);

Iabc = out.Iabc.Data;

iA = Iabc (1,:).';
iB = Iabc (2,:).';
iC = Iabc (3,:).';

figure (5)

subplot (3,1,1)

plot(time , iA)

title(" Phase A Current ")
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ylabel (" Current [A]")

subplot (3,1,2)

plot(time , iB)

title(" Phase B Current ")

ylabel (" Current [A]")

subplot (3,1,3)

plot(time , iC)

title(" Phase C Current ")

ylabel (" Current [A]")

xlabel('Time [s]')

saveas(gcf ,'figs/currents_split.png')
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