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Abstract -- A high speed nine phase permanent magnet
synchronous machine (PMSM) has been designed for more
electric aircraft (MEA) for the sake of high power density and
fault-tolerant capability. This paper addresses the speed loop
design of the high speed PMSM by comparing three speed loop
designs. For MEA, fast dynamic is not the primary demand,
robustness against parameter variation and noise is the key
requirement. For high speed machine, field weakening is not
avoidable, therefore, maintaining the speed control during field
weakening is also an important feature. This paper analyses the
frequency response, stiffness and performance of the speed
control with the three speed controllers, while the three
controllers are tuned to provide the same control bandwidth.
Simulation results validate the analysis. The pros and cons of
each control design are summarised in the conclusion.

Index Terms—Speed loop design, nine-phase machine, more
electric aircraft

L INTRODUCTION

More electric aircraft (MEA) [1-3] and electrification has
drawn more and more attention in recent decade. More
electric power is preferred to improve the overall efficiency
and reduce emissions of the aircraft. An integrated starter-
generator system can save volume and weight [4]. To make
the system even more compact, the machine is designed to
achieve higher power and higher speed. What is more, to
increase the fault-tolerant capability of the machine, it is also
trendy to study multiphase machines for aircraft [5].

In order to maximize the fault tolerant capability, the nine
phases of the machine are designed as triple electrically
isolated three phases as in Fig. 1, namely three sectors. Since
concentrate winding is used, the mutual inductances between
phases and sectors are 25 times smaller than the self-
inductances. Therefore, in healthy condition, the torque
reference generated by the speed loop controller should be
shared equally between the three sectors to maintain the
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Fig. 1. Windings of the nine phase machine
balance between the nine phases and avoid radial force.

Regarding the control of the high speed machine, a high
performance current loop including field weakening is the
foundation. After the high performance inner current and
field weakening loops as in [6] have been designed, the outer
control loop can be a speed control loop under the motoring
mode or a dc voltage control loop under the generating
mode. This paper focuses on the speed control.

The key requirement for the speed control in MEA is the
robustness in terms of both performance and stability. A
smooth transient response with no overshoot is preferred.
Both the performance and stability should be maintained
with imperfections such as measurement noise and parameter
variations.

A vast of speed control methods have been proposed in
literature. The classic control method is to use a proportional
and integral (PI) controller as the feedback controller [7]. To
improve the robustness against position measurement errors,
adding a lowpass filter to the feedback path could be a quick
fix. Alternatively, following the concept of the active
disturbance rejection control [8,9,10], an observer-based
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speed control loop can be developed. Other advanced control
techniques such as deadbeat control and model predictive
control [11] can improve the control dynamic, however, they
will increase the dependence on parameters.

This paper compares the classic PI design, the PI with
lowpass filter design and the observer-based design for the
high speed multiphase PMSM in MEA. The frequency
response, stiffness and performance of the speed control with
the three speed controllers are analysed, while the three
controllers are tuned to provide the same control bandwidth.
Simulation results confirm that the simple PI with lowpass
filter design can satisfy the requirements and achieve stable,
smooth performance while maintaining low audible noise.

II.  Design and tuning of the three speed loops

Considering the inner current loop as designed in [6] is at
least 10 times faster than the outer speed loop, to simplify the
design, the current loop of each three-phase sector is
considered as a unity gain. The three intended speed loop
designs are drawn in Fig. 2. Where, /=0.00507kgm?2, is the
moment of inertia, B=0.0004924Nms/rad, is the friction
factor. K,= 0.7458Nm/Apeak, is the torque constant of the
machine. om is the mechanical angular speed. “ref” denotes
the reference signal. 6m is the machinal rotor angular
position. Te is the electrical torque. Tl is the load torque. d is

-
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(b) wn/d

the disturbance or noise, which can be for example the
quantization error induced by the position sensors. In this
paper, the resolution of the resolver used is 14 bits. All the
intended speed controllers are designed in s-domain and
discretised in z-domain using Forward Euler method.

A.  Simple PI control

The simplest speed control design is to use one PI
controller as defined in (1). Consequently, the transfer
function of w,, /w,r,ff is derived as in (2).

PIi(s) = K, + (1)
6) = 3% = @

Where, K, and K; are the proportional and integral
gains of the PI, respectively.

To analyse the stiffness of the speed loop, the transfer

functions of w,,/d is derived in (3).

_ @m _ —-Kps?-K;s
Gia(s) =" = Js2+(B+Kp)s+K; (3)

K, and K; can be tuned following the pole placement
method. To reduce overshoots in speed response, the closed
loop transfer function G; is assumed to be a first order
system. Consequently, K, and K; are solved as in (4).

Kyps + K; wo
Js?2+ (B +Kp)s + K; =s+w0
= K, = Jwo, K; = Bwy (4)

W
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Where, w, is the control bandwidth of the speed loop.
Since high dynamic is not the key requirement for MEA,
wo=100m rad/s is selected. When the estimated inertia J
equals the real J and the estimated friction factor B equals
the real B, the closed loop is a first order system. The bode
plots for G; and G4 are drawn in Fig. 3.

B.  PI control with lowpass filter

To attenuate the high frequency response in G4, a first
order lowpass filter is added to the feedback loop, which is
defined as in (5).

LPy(s) = - (5)

s+we

Consequently, the updated closed loop transfer function is
given in (6).

_ wm Kps?+(Ki+Kpwo)s+K;w,
G2(s) = 0l T IS+ (BH w)s?+H(Bw+Kpwo)s+Kiw, 6)
The transfer function of w,,/d is derived in (7).
Wm —KpweS2—Kiws
Gaa(s) =— = . (7)
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To achieve the same control bandwidth as Gj, the three

poles of (6) are placed at s; = —wy, Sp3 =—djw; *

j(1 —d;)0.5w,. Where, s; is the dominate pole, d; and

w, are the damping and natural frequency of the pair of

conjugate poles. The solution for parameters K, K; and
w. are given in (8).

we = wo + 2d;w; — B/] (8)
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The bode plots of G, and G,,4 are drawn in Fig.3.

C. Observer-based speed control
Since the stator position 6,, of the system is directly
measured by the position sensor. Define the measured
position as 8, =6,, +d, states w, and T, can be
observed using the reduced-order observer in (9).
DS —1§’A—1A@m 1/, IR ~
= TG [ [ s @
Where, T, is the torque reference calculated by the PI.
@, is the observed speed, T, is the observed load torque, I,
and [, are the observer gains. Hence, the transfer functions
of &,,/8, and T,/8,, are derived from (9) as in (10) and
(11), respectively.

_ Jlis%=1l,s
0B,(s) = Js2+(B+]l1)s—1, (10)
2
OBTI(S)=M (11)

Js?2+(B+]l,)s—1;

According to the separation principle, the observer and
the feedback controller can be tuned independently. To tune
the observer, gains [, and I, can be calculated according to
(11) by choosing the natural frequency w,, and damping
dob of the observer. In this paper, w,, is set equal to the
lowpass filter bandwidth w, in (5) and d,j, is setto one.

b = 2dopwop = B /5 1y = ~Jw} (11)
The speed loop transfer function wy,/wWmrer with the

observer is derived in (12).
_ Om _ JKps?+(BKp+]Kpli)s—Kply
G3(s) = Wl T J253+(11J2+2B])s?+(B?~2] ly+]Kply)s—Bly—Kpl, (12)
It is worth pointing out that the PI feedback controller is

only a P controller for the observer-based speed loop because
the observer already has an integrator inside. The K, of the
P controller can be tuned assuming the observer is ideal and
0B,=s, 0Bp;=0, such that (12) is simplified as K,/(Js +
K,). Therefore, the speed loop Gz equals G, if (13) is hold:
Ky = Ja (13)
The transfer function of w,,/d with observer is derived

in (14).

Wy Ulp+BJli—JKply)s?+Kplys
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Fig. 4 Simulation model.

The bode plots of G; and Gs4 are drawn in Fig.3.

III. SIMULATION RESULTS

Simulation model as in Fig. 4 has been built in
Matlab/Simulink to verify the performance of the three speed
loop designs.

In Fig. 4, the nine-phase machine is modelled in alpha-
beta frame. Three two-level converters are modelled with the
switching effect but no deadtime. The controller is triggered
at the beginning of each PWM cycle. The speed control is as
shown in Fig. 2, while the inner current loop including field
weakening is implemented as in [6]. The sampling and
switching period Ts are 40kHz.

During the test, the speed reference steps from 0 krpm to
20 krpm in 5 steps. The load torque is set to half of the rated
torque. The speed error and current responses are shown in
Fig. 5.

As shown in Fig. 5, there are two issues with the design 1:
1) Since there is no filter at the speed feedback, the speed
feedback is noisy due to the quantization error. This matches
the bode plot of w,,/d in Fig. 3. 2) There are some steady-
state errors in the speed response since the integral gain K;
calculated from (4) is too small due to small value of B. The
steady state error can be reduced by increasing the parameter
For the design 2, thanks to the lowpass filter used, the
noise in the speed feedback is massively reduced. Although
the dominate pole in design 1 and design 2 are the same, the
K; calculated from (8) is much larger than it calculated from
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Fig. 5 Step response error of speed and current responses.

(4). Therefore, there is also no steady-state error in Fig. 5b.
The amplitude increases in id when the speed is above 12
krpm show that the field weakening loop is working.

Regarding the design 3, it performs better than the design
1 but worse than the design 2. Although as analysed in Fig.
3b, the design 3 also has strong attenuation effect for high
frequency disturbance, i.e. the quantization error in this case,
however, the current reference can be very noisy at high
speed due to unmodelled switching noise and unmodelled
interaction between the field weakening loop and the speed
loop. Such switching noise is normally handled by the
current loop and thus not considered in the speed loop
design. Nevertheless, such current noise will contribute the
audible noise, so it is necessary to keep the current reference
as “clean” as possible.

IV. CONCLUSIONS

This paper compares and evaluates three speed control
design for a high speed multiphase PMSM in MEA. Results
show that the PI with lowpass filter design satisfies well the
robustness requirement of MEA. It achieves smooth transient
with no overshoots during reference transients while
maintaining low audible noise. It is not only robust against
parameter variation but also robust against disturbances.
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