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Abstract—Compressor is a crucial component of the Air Man-
agement System (AMS) used in fuel cell systems. The adoption of
a turbo compressor can dramatically reduce the size of the AMS,
which is a basic requirement for transportation applications. In
this paper, the ultra high speed technology is employed in the
compressor design, which results in ultracompact size and high
efficiency. One of the main disadvantages of the turbo compressor
application is the difficulty of pressure control due to the strong
coupling between mass flow and pressure. A decoupling control
strategy is developed so as to control the mass flow and pressure
properly. The simulation results show that the mass flow and
pressure can be controlled separately using two PI controllers
after preliminary.

I. INTRODUCTION

Thanks to their low temperature working condition, the pro-
ton exchange membrane fuel cells (PEMFCs) allow the system
start up faster than those technologies using high temperature
fuel cells, which makes it most suitable for automotive applica-
tions [1]. The air management system (Fig. 1) is one of the key
equipments in the operation of a fuel cell system [2], which is
used to supply oxygen to the cathode. A great deal of facilities
are needed to fulfill the task of air management, among which
the air compressor is a crucial component. The technical
challenges and objectives for fuel cell systems in transportation
applications are given by the Department of Energy (DOE)
and are reported in [1]. Automotive fuel cell industry needs a
compact, lightweight, low-cost and high efficiency compressor.
This can be achieved by using turbo compressor instead of
scroll, lobe, or screw compressor, increasing the rotational
speed [3]. A scroll compressor is employed in [1], [4], [5].
In [6], a twin-screw compressor is used for the high-pressure
condition and a blower is used for the low-pressure condition.
Screw or roots-type superchargers are commonly chosen for
their easier technical implementation. The turbo compressor
has major advantages of compactness and efficiency over other
compressor types, whereas it is more critical to implement
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in terms of pressure and surge control because of the strong
coupling between mass flow and pressure.

This paper focus on the design and control of an ultra
high speed turbo compressor used in air management system.
The main objective of the compressor design is to reduce the
size and weight so as to make it feasible for transportation
application, which is achieved by increasing the rotational
speed. The objective of the compressor control is to provide
proper mass flow and pressure which fuel cell needs according
to the load demands. In this paper, a dynamic decoupling
controller based on neural network is proposed to deal with
the problem of strong coupling so as to control the mass flow
and pressure separately.
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Fig. 1. Air management system
II. COMPRESSOR DESIGN
A. Scaling of turbo compressor and electric motor

Turbo compressors for fuel cell applications demand low
mass flow rates (10 to 30 g/s) at relatively high pressure ratios
(1 to 2). For a standard speed turbo compressor (e.g. 3,000



to 30,000 rpm) these specifications result in a very low flow
coefficient:
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where th is the total inlet volume flow in (m3 /8), p1 is the
total inlet density in (kg/m?), 712 is the mass flow rate in (kg/s),
ug is the impeller circumferential speed at the impeller radius
d/2 and w the rotational speed. This low flow coefficient
then results in a very low efficiency according to [7]. The
ideal flow coefficient for radial turbo compressor and with
this a higher efficiency, is reached by increasing the rotational
speed. A further advantage of this high rotational speed is the
decrease of the impeller radius and therefore an increase in
power density in turbo machinery. Also the electrical motor
power density is roughly proportional to the speed.
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Therefore, the overall volume and weight of a high-speed
electrically drive turbo compressor is several times lower
than of a scroll or displacement compressors with the same
specifications for pressure ratio and mass flow which are not
capable of running at high speed [3]. A further advantage is
the low noise of a high-speed turbo compressor, compared
to standard scroll or displacement compressors, because the
vibrations are both smaller and can be damped more efficiently
due to the high frequency.

B. Turbo compressor design

The compressor is designed for fuel cell applications, and is
therefore designed for a rated mass flow of 12 g/s and a rated
pressure ratio of 1.5. The inlet conditions are ambient pressure
(1bar) and 25 °C. The turbo compressor system consists of a
radial impeller with splitter blades but no shroud, a vaneless
diffuser and a spiral casing. Retaining an ideal flow coefficient
of 0.085, results in a turbo compressor with an impeller
diameter of 21 mm and a rotational speed of 250,000 rpm.
The assumed isentropic total-total efficiency is 74 % [7] while
the rated compressor power is 580 W. The impeller optimiza-
tion has been carried out with a 2D-throughflow code [8]
and verified with 3-D computational fluid dynamics (CFD)
simulations. The compressor and power map data for different
rotational speeds and variable mass flow is calculated with a
1D-analytical design tool including correction factors based on
empirical data from similar small high-speed compressors [9].
The compressor map gets computed only from the design
point. In Fig. 5(a) the comparison between the 1D-analytical
compressor map and the measured compressor map is shown.

C. Electrical machine design

The electrical machine is designed for the rated specifica-
tions defined by the turbo compressor design: a rotational
speed of 250,000r/min and a shaft power of 580 W. The
electrical machine design comprises several challenges such as
the mechanical rotor design, particularly the stresses in the PM
and the retaining titanium sleeve, additionally, high rotational

speeds usually increases the losses, mainly due to eddy current
effects in winding, stator iron and the entire rotor (magnet,
iron, sleeves), but also in higher air friction losses. Increasing
the speed with constant efficiency also results in higher loss
density, or higher losses per surface area, therefore a thermal
design is required. For this reason, an optimization method has
been developed, which takes air-friction losses, iron losses,
copper losses, and eddy-current losses into account [10].
The rotor losses due to armature reaction is not part of
the optimization process, but is calculated after optimization
process. The stator magnetic field rotates with a high frequency
(4.2kHz); it is therefore necessary to minimize the losses in
the stator core by using amorphous iron and the eddy-current
losses in the skewed air-gap winding by using litz wire.

The rotor of the PM motor consists of a diametrically
magnetized, not segmented cylindrical, SmCo PM encased in a
retaining titanium sleeve ensuring sufficiently low mechanical
stresses on the magnet (see Fig. 2). The eccentricity is min-
imized by shrink-fitting the sleeve onto the PM and grinding
the rotor. The two high-speed ball bearings are assembled at
each end of the rotor in order to be able to change them
without the need for disassembling the impeller. Besides the

Fig. 2. Assembled rotor including impeller and high-speed ball bearings
design of the individual components, rotor dynamics of the
common rotor of the electrical machine and the turbo machine
is required. The critical speeds of the rotor are depicted in
Fig. 3. The critical speeds modes’ calculations have been made
during the electrical machine optimization process with an
analytical approach in order to define geometric constraints
for the machine. The final rotor dynamic design has been
verified with 3-D finite-element (FE) simulations. The rotor
is designed such that the nominal speed of 250,000 r/min is
below the first bending mode (third critical speed), but above
the two first critical speeds.

D. Realization and measurements

The realized compressor prototype (Fig. 4) has a weight
of 0.6 kg which is fifty times lower than a comparable scroll
compressor. The compressor has been evaluated on a test
bench. The measurement of the compressor and power map
data is in very good agreement with the calculations as can
be seen in Fig. 5. The measured compressor efficiency in the



(a) First critical speed at 1.1 kHz, 66 000 r/min

(c) third critical speed at 8 kHz, 480 000 r/min

Fig. 3. Critical speeds of the turbo compressor rotor. (Blue) No displacement.
(Red) Maximal displacement

rated operating point (250,000 rpm, 11.4 g/s, pressure ratio of
1.5, inlet temperature 300 K) is 74.8 % which is also very close
to the designed efficiency. The motor and converter efficiency
in the rated operating point is 92 % and 90.6 % respectively.
This results in a total system efficiency of 62.3 %.

Permanent-magnet
synchronous motor

Air inlet

Air outlet

Fig. 4. Compressor prototype

III. SYSTEM MODELING AND CONTROLLER DESIGN
A. Model of the manifold

The manifold represents the lumped volume of the pipes
between the compressor and the fuel cell stack. The dynamics
of the air pressure in the manifold directly relate to compressor
characteristics. According to the mass conservation principle,
the dynamics of the air mass m accumulated in the manifold
volume and the manifold pressure p can be expressed through
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Fig. 5. Compressor maps

the following equations [11], [12], [13]:

dm
E = {4 — Yout 3
dp 1R
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where ¢ and q,,; are the air mass flow into and out of the
manifold respectively. T;,,, T,y are the compressor outlet gas
temperature and manifold air temperature respectively. v is
the thermal ratio coefficient of the air and R, is the gas
constant of the air. V' is the manifold volume. In the case
of air, v = 1.4, R, = 8.3 . In this paper, the air temperature
in the manifold is assumed to be constant and equal to the

compressor outlet air temperature. That is T, = Toye = T
Then, (4) can be expressed as follows:

dp R,T

E = “; (q - (Jout) (5)

The nozzle flow equation is used to calculate g,,;, which



is divided into two regions by the critical pressure ratio &.
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where 0, paim, Mair = 29g/mol are the open angle of
valve, atmosphere pressure and molar mass of air respectively.
Then, the critical pressure ratio ¢ is calculated equal to 0.528.
Setr1(0) is the open area of the valve:

Setri(0) =7-7-0 9)

where r is the radius of the valve. In this paper, the pressure
p is below 1.8. Assuming pgs, = 1, gives p“% >1/1.8 >
0.528. Therefore, only (7) is used in the mathematical model.
According to the analysis above, the lumped formulation of
Gout can be expressed as follows:

Gout = (0, D) (10)

B. System analysis

The control target is to make the mass flow ¢ and pressure
ratio p track the references, which change according to the
load situation. The control variables are the compressor speed
wep and the valve open angle 0. At an operating point, the
linearized formulation of the system can be expressed as

follows:
=[G G [ ]
Here we define
G = gul) =] o

Using relative gain array RGA method in control theory [14],
the interaction among multiple control loops is quantitatively
analyzed. The RGA is a 2 x 2 matrix for a two inputs two

outputs system.
A12
A22
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where y1, Yo represent the system outputs ¢ and p respectively.
uy,uy represent the control inputs w and 6 respectively.
However, this system is highly nonlinear which means that
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RGA = [

where

1,25 =1,2

the matrix Gp(s) is not constant. G,(s) changes as the
operating points change. In order to analyze system nonlinear
characteristic, the Simulink LTI toolbox is used to linearize
the system at different operating points. Part of RGA is listed
in TABLE I which shows that at different operating points the
degree of coupling is different. At a specific pressure ratio,
the lower mass flow the stronger coupling exist. Therefore, a
static decoupling control is not feasible.

TABLE I
DYNAMIC RGA TABLE
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C. Controller design

The control system (Fig. 6) consists of three parts: dynamic
decoupling, motor controller and valve controller. Vector con-
trol is employed in the motor controller to drive the compressor
and PI control is adopted for the valve position regulation.
The motor controller and valve controller are well designed,
so that both the compressor speed and the valve position have
good reference tracking characteristics. This paper focus on the
development of the dynamic decoupling, which is employed
to deal with the strong coupling problem between mass flow
and pressure so as to control them separately.
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Fig. 6. Air management system controller

According to the system analysis, traditional static decou-
pling is not feasible because of the coupling degree is not a
constant. On the basis of the traditional static decoupling, a
dynamic decoupling based on neural network is proposed (see
Fig. 7). After the implementation of the decoupling matrix
N(s), the compressor speed and the valve angle can be
obtained as follows:

e ] = [

N12<S>

Ucl
Naa(s) ] (14)

Uc 2



TABLE I
TRANSFER GAINS AT DIFFERENT OPERATING POINTS
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Fig. 7. Dynamic decoupling

where U1 and U, are the outputs of the PI control as shown
in Fig. 7. According to (11) and (14), the decoupling matrices
are obtained:

Nii(s) Nia(s) | _ [ Gpuals) Gpua(s) |7
|: N1 (s) N22(s) :| o |: Gpgl(s) Gpgz(s) :| A (15)
her
where Az |: Gll(s) 0 :| (16)
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After decoupling, the system outputs can be expressed as
3140 oty ][]

follows:
Ucl
D 0 Gaa(s) Ueco

Then ¢ and p can be controlled by U, and U, respectively.
In view of the dynamic characteristic of G, (s), corresponding
decoupling matrices N (s) are obtained by means of a neural
network which is trained off line to fulfill dynamic decoupling.
The structure of the neural network, which is trained using
Back Propagation (BP) algorithm, is shown in Fig. 8. The
inputs are the operating points (g, p), and the outputs are
the decoupling matrices. In order to simplify calculations,
static gains, (P1, P2, P3, P4), are used to replace the transfer
functions, (N11(s), N12(s), Na1(s), N11(s)). TABLE 1I gives
part of the static transfer gains, which are obtained by lin-
earizing the system at different operating points. It should

be noticed that, this replacement may lead to the instability
of the system. In this paper, G11(s),G11(s) are designed
appropriately according to the order of G,,(s)~! to ensure the
stability of the system.

W [T ]

(18)

(s+1)?

massflow

pressure

20 neurons

12 neurons |

~ 2 Hidden layer

Fig. 8. Neural network model

IV. SIMULATION RESULTS

Computer simulation is performed to verify the effectiveness
and behavior of the proposed control strategy. The simulation
results are shown in Fig. 9. In order to test the influence
of sudden change of mass flow to pressure ratio, a step
change of mass flow reference is given at 10s. The zoom of
corresponding deviation of pressure is shown in Fig. 10(b).
In the same way, the sudden change of pressure ratio is
executed at 14s. The corresponding deviation of mass flow
is zoomed in as shown in Fig. 10(a). The results show that
the pressure can be maintained constant when the mass flow
varies. Furthermore, sudden change of mass flow (pressure
ratio) has a very weak influence on the pressure ratio (mass
flow).
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V. CONCLUSION

In this paper, an ultra high speed turbo compressor is
designed to fulfill the requirement of compactness for auto-
motive applications. The challenges of ultra high speed turbo
compressor design such as the mechanical rotor construction,
the rotor dynamic design, the minimization of the losses in
the electric motor are highlighted and corresponding solutions
have been come up with. The size and weight meet the
requirements of DOE. At the same time, the high efficiency
dramatically reduces the parasitic power consumption of fuel
cell systems. Both the strong coupling and highly nonlinear
characteristics result in the difficulty of the pressure control.
The coupling and nonlinear characteristics are analyzed by
linearizing the system at different operating points. On the
basis of linearization data, a dynamic decoupling controller
based on neural network is designed. The simulation results
show that after decoupling the mass flow and pressure can be
controlled separately using two PI controllers.
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