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ELECTRICAL DRIVE FOR COMPRESSOR ON TURBOCHARGED ENG INE

Jaroslav Novak, zdengk Cefovsky

Turbochargers are usually driven by turbine powebgdexhausted gases. This conception
is relatively simple but the compressor is not abl@vercharge the compressed air or fuel-air méxtu
into the cylinder in the total revolution range gmaolwer regimes. Next disadvantage of turbine driven
compressor is the low dynamic response of the riarlsind compressor at quick fuel supply increase.
There are two possible solutions. First - the “etaharger”, that is the fully electric driven corapsor
can be used. Second - the hybrid driven chargpossible. Research of supercharging systems is one
of activities of Josef BoZzek Research Centre of ilisngand Aubmotive Technology on Faculties
of Mechanical and Electrical Engineering at Czeelthhical University in Prague. Part of this activit
is research of electrical drive for the hybrid separging system especially from control point .

Electric synchronous motor with permanent magness whosen as electric driving machine.
Its robustness, high torque overload featuresnitall size and mass, high dynamical features aasidie
high revolutions are promising for this implemeittat Paper deals with torque control of high speed
permanent magnet synchronous motor for driving cesgor of supercharged combustion engines.
Control structure which includes regimes with bath magnetic flux and flux weakening is described.
Paper describes the research working place ancermisegest results achieved on 40 000 rev/min
synchronous permanent magnet motor.
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1 Introduction

Implementation of supercharged combustion engiaeaudtomotive, railways or ship traffic offers outp
power increasing, combustion efficiency improveménél consumption diminishing, better inlet valve
and cylinder cooling, and ecological indicatinggraeters improvements.

Turbochargers are usually driven by turbine powdsgdexhausted gases. This conception is
relatively simple but has several disadvantages.cdmpressor is not able to overcharge the congatess
air or fuel-air mixture into the cylinder in thetab revolution range and power regimes. Firstlyoa
speed the turbine does not produce sufficient pamdrcompressor does not produce sufficient pressur
Vice versa, at high speed the turbine produceslsurpower. Next disadvantage of turbine driven
compressor is the low dynamic response of thererbind compressor at quick fuel supply increass. It
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caused because the turbine cannot produce torgu¢hancompressor cannot produce air compression
immediately after the fuel supply was increased.

It is obvious that the best solution is to conti@ compressor in relation to instantaneous renolist
and instantaneous fuel quantity. The dynamic ofdhiee must agree with the dynamic of fuel supply
change and air quantity requirement.

There are two possible solutions. First - the “etmharger”, that is the fully electric driven
compressor can be used. Second - the hybrid detanger is possible. This solution means that the
charger has both turbine drive and electric driveaoperation. In practise the hybrid driven cheaige
more advantageous. The electric part of the chdrglnces the turbine lack of power and improves th
system dynamic.

Hybrid drive itself has also two variants. In fikgriant the electric motor is situated on the camnm
shaft with the turbine and compressor. Electriconogvolutions are the same as turbine and compress
revolutions. In the second variant an additionahpoessor is added to the turbocharger. This isedriv
with individual electric motor. In this case thes@ric motor revolutions are dependent only on the
compromise between best compressor revolutionekaetiic drive possibilities.

Research of supercharging systems is one of aetivf Josef BoZek Research Centre of Engine and
Automotive Technology on Faculties of Mechanical dglectrical Engineering at Czech Technical
University in Prague. Part of this activity is rasgh of electrical drive for the hybrid superchagyi
system especially from control point of view.

Electric synchronous motor with permanent magn&s3M) was chosen as electric driving
machine. Its robustness, high torque overload featuts small size and mass, high dynamical featur
and feasible high revolutions are promising fos implementation.

2 Research working place

Special testing place of Josef Bozek Research €&vds build at the Faculty of Electrical Enginegrin
The testing place consists of high speed, frequeocyrolled induction dynamometer (Fig.1) 2,3kW,
350V, 70 000mift, 0,3Nm.

The tested motor is a high speed two pole PMSM\®,9%00V, 40 000mif, 0,7Nm (Fig.1). IGBT
microprocessor controlled invertor (Fig. 2) supplitle PMSM. The control unit TMS320F2812 is
additionally completed with the card for PMSM rotmgel position evaluation (Fig.3). The system is
equipped with torque calculation from tensometgnais. Chokes of 2,4mH are connected in series with
PMSM stator winding to diminish current pulsatid®™SM has integrated two pole resolver used for
measuring of rotor position. To evaluate rotor posithe electronic unit was developed.

Fig. 1 High speed motor set with induction dynamtan@eft) and synchronous motor PMSM (right)
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It generates exciting resolver signal 10kHz anckgitwelve bit rotor position resolution, that means
4096 positions per one revolution. Information ts@ute rotor position is transferred into the colhér
by serial bus after the controller reset and ith stand. Information on relative rotor positionworking
mode is transferred in form of IRC sensor sign&istther information on rotor position angel data
scanning are explained in [3].

System with controller on base of DSP TMS320F248 wsed for torque control till 20 000min-1
when tests started. System with controller on €SP TMS320F2812 was used for torque control in
whole revolution range 0 — 40 000 rtin

Invertor switching frequency 5kHz was used in tegth the first control system. Invertor switching
frequency 10kHz was used in tests with the secamtr@l system in whole revolution range 0 — 40 000
min . Calculations in the control structure are perfedrwith frequency 15kHz.

At the time when the test place was in constructitymamometer corresponding with tested PMSM
in regards of power, torque and revolutions wasawatilable. Therefore PMSM can be loaded only to
quarter of the torque. Nevertheless the contrakctire can be sufficiently tested.

Fig. 3 DSP controller of high speed drive with TB2BF2812 and with additional unit for PMSM
rotor angel position evaluation
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3 Theoretical analysis of the torque control
The lowest feedback control level at high speededfor “electro” charger is the torque control. We
started from standard method used for PMSM control.
Standard method for torque control of PMSM goesfiaumh equation Eq.1.
M =150, F, O, - F, 0,) (1)
Fq is magnetic flux linkage component in axis gigsmagnetic flux linkage component in axissi

stator current component in axis glig stator current component in axis g, Bpnumber of poles on the
machine. Using synchronous machine mathematicakhegfiations we can write Eg. 1 as

M =15[p, [[(F, +L lig) iy —L, lig lig] =
=150p, 0}, [(F, +L, [, L, )
Fr is rotor magnetic flux linkage, 4Lis synchronous direct-axis inductance andid synchronous

quadrature-axis inductance. If machine works in fulagnetic flux regime the id (stator current
component in axis d) equals zero and for the tolumplds

M =15[p, [F, [i, ®3)

()

Eqg. 3 holds for field weakening regime too whegll,. This equality is usually fulfilled on PMSM.
In field weakening regime id (stator current comgainin axis d) acts against permanent magnet fhak a
enables to operate the machine in high revolutatis constant stator voltage.

Eq. 3 express analogy with DC machine. Current @ngue control can be performed either in
transformed coordinates or by controlling instagtars stator current with respect to instantaneotas r
position. In regime of full magnetic flux the cunteof given phase is controlled in such a way that
current amplitude occurs in time when the rotgpaspendicular with this phase. Other current valoes
remaining phases are Phifted. The stator current space vector f5&@ad of the rotor.

Torque control with instantaneous current contnostiator phases was implemented. It was tested up
to 10 000 mift with controller based on TMS320F240. After addaogtroller parameter adaptation and
using operational values prediction (referentialtage values on PWM modulator input) good results
were achieved as shown in[2].

Space stator current vector gf(stator current component in axis d) acts aggestnanent magnets
magnetomotive force (MMF) in field weakening reginWith other words the space vector id is 90
ahead according to the stator induced voltageTbat means the voltage dropLjlqy has orientation
against the induced voltage vector Generally in weakening regime and whegll, =L,, the phasor
diagram on Fig. 4 shows this situation. In fullxltegime equals id to zero and the space statoeraur
vector lies in quadrature axis g. In Fig. 4 iss®ator winding resistance, angilthe induced voltage.

4 Structure of feedback torque control and its implengntation

The torque control structure of PMSM implementedtésts of the high speed drive 40 000min-1 uses
the controller based on TMS320F2812.
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Fig. 4 Phasor diagram of synchronous engine at&ogntrol.

It works in orthogonal coordinate system d-q andpewates with appropriate transformation blocks.
Block scheme is shown in Fig. 5. Regime with figldakening is not assumed for “electric” charger.
Nevertheless it is involved into the control stoet for 40 000mift for the substance of the control
structure is the linear vector axis q) and fluxrent componenti(stator current component in axis d) are
controlled separately. Desired torque current camepby, is calculated from required torque and desired
flux current componengin full magnetic flux regime equals to zero. PMSividque control in orthogonal
coordinate system. Torque current compongnisiator current component in reasons of continuous
control till 40 000miry or more respectively for reason of invertor supmitage fluctuation.

Actual current componentg and {, are measured and id angare calculated from measured stator
currents and rotor position angelStandard equations are used:

Iy, —ly _ 1, +2,

(4)
iy =i, cosp+i,sing
iy =, Sing +i,cosy

Outputs of current controllers of current composept, iy are stator voltage components ,u.
These components are transformed in transformabiocks into referential phase voltages using
instantaneous angelvalues by standard equations:

U, =Uy Cosp —u,sing
U, =Ugy Sing +u, cosg
)
u, =u,

U
3, -u,

2
Uy =~y ~ U
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It is possible to activate the block “Modulatiordéx correction” before introducing referential vedu
of phase voltages into PWM modulator. This blockdifies modulator input values to reach maximum
possible first harmonics of stator phase voltagenatter what the DC voltage is.

The pulse width modulator PWM generates pulse®irol IGBT with switching frequency 10kHz.
Algorithms for field weakening mode are a supetsdhe basic control structure. In this case tharob
structure generates nonzero demagnetizing requitecent componentqiThis current component
ensures that the maximum amplitude of referent@tage signal into the PWM modulator remains

constant.
It was maintained approximately at 85% of the maximvalue during tests.

Pl

N O - o O 7| s
E R ey = "

Modulation ndex correction

INVERTER

Fig.5 Torque structure control of high speed drive

Required valuegi is a sum of the output of a Pl voltage controled of j~ - calculating block
designed for compensating the part of motor volthge exceeds the maximal acceptable stator voltage
(With other words4” is calculated to compensate the exceeding pamooér induced voltage and of the
maximal outgoing invertor voltage for actual DCtagle and actual revolutions).

This calculating block makes the control fastetramsient events.

Basic behaviour of the described block is estabtisbn the following idea: the increment of induced
voltage which should be eliminated by current congnt i after shifting in weakening field regime is
given by equation:

AU, = L, O, o=k, OF, Qw-w,) (6)

In Eq. 6 Ly is stator inductance in axis @, is mechanical angel velocity in electric degrdesijs
motor constant determining relation between rotaxgnetic flux and stator induced voltage and
revolutions, andvy, is angular velocity at which the passing from fulignetic flux into weakening field
regime begins at given input invertor voltage inload. Assuming changing DC input voltage for the
invertor the value oby, for no-load regime is given by Eq. 7

w, =k W (7)

pr pu
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kou Is constant of proportionality andpblis input voltage into the invertor. By arrangemehEq. 6
and 7 we get for current componegt,i which eliminates stator voltage increment in werakg field
regime:

- kU
Iy =CFM Hl_pTDC) (8)
For G-y it holds:

Cen = 9)(

Pl voltage controller gives on its output requireatirent componenty,i which creates sufficient
voltage reserve on the invertor output to covervbiégage drop on stator impedances at torque chgngi
The real voltage amplitude value for control eisocalculated by Pythagoras formula.

The used conception for current compongntalculation in field weakening mode respects the
implementation necessity which demands to accompliscalculations in real time. In case of higleap
drive, real time for total control structure calatibn is short. Therefore the calculatigh value from Eq.

8 respects only the induced voltage increment aridhe voltage drop at load changes. To respect the
total voltage drop on stator impedance in this kleould mean to increase the computing power
requirements over the limits of the DSP.

The advantage of this control method is the smpassing from full magnetic flux into weakening
field regime. Algorithm for weakening field regime active in full magnetic flux regime too but the
required value4 is zero. The total motor current is geometricahsof currents id andqi The total
current cannot get over the current limitation. Binthis conditions the special block used in thetcd
structure begins to diminish the torque compongmiot to get over the current limitation. The cohtro
structure works with the frequency 15kHz. The m@amt of the control is performed in interrupt asd i
implemented in assembler language. The logic cbmfdhe drive (regime switching or parameters
settings for example) and developing support angléemented in C language against background. The
time reserve for calculation at PWM modulation witbkHz was approximately 10-20%. To enlarge this
reserve the reduction of program code and develaperevironment support would be necessary. But this
would not bring much improvement as it can raise BFWM frequency but this will heighten the
switching losses and it will diminish the invergfficiency.

5 Test experiments

Experiments were performed on high speed motomasdtinduction dynamometer depicted in Fig. 1.
Starting up of the motor without loading torque amiih different torque loads were measured and
evaluated. Further measurements at constant remedutinder different loads were performed. Constant
revolutions were controlled by speed loopback @&f dgnamometer. Load experiments were limited by
dynamometer low torque.

In Fig. 6 are depicted curves measured at no leadirsy up till 40 000 mift at torque 0,44Nm
without modulation index correctiony€5,7A) Depicted are actual current componegts;,i revolutions
in frequency scale (Hz/100), amplitude of referemoltage introduced into PWM modulator in per unit
values (maximum=10). In Fig. 7 are depicted theesaalues at the same starting up but with modulatio
index correction.
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Fig. 6. Current components,iiq , amplitudes of reference voltage and frequereyoutions) at no
load starting up till 40 000 mihat torque 0,44Nm without modulation index corresti
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Fig. 7. Current components,iiq , amplitudes of reference voltage and frequereyoutions) at no
load starting up till 40 000 mihat torque 0,44Nm with modulation index correction.

In Fig. 8 and 9 are depicted other examples; pig, current components, revolutions in frequency
scale (Hz/100), amplitude of reference voltageonhiticed into PWM modulator in per unit values
(maximum=10) without modulation index correctiorridg no load starting up. During these starting up
was the required torque changed what can be sa#iffarent revolution curves.
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Fig. 8. Curves of current componentsiy , amplitude reference voltage and revolutionsy{fency)
during no load starting up till 40 000 it load torque changing suddenly from 0,22Nm 1dRm
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Fig. 9. Curves of current componenys iy , amplitude reference voltage and revolutionsy(fency)
during no load starting up till 40 000 rimt load torque changing suddenly from 0,11Nm #&Rm

It can be seen from Fig. 6, 7, 8, 9 that with ratiohs (that is with frequency) going up the rippfe
current components | iq and reference voltage amplitude ripple are goingoap That is caused by the
fact that simultaneously the PWM number of perisddecreasing and the action signals in one period
outgoing first harmonic voltage from the convertedecreasing also.

In Fig. 10 and 11 are details of drive quantitieshort time sections depicted. In Fig. 10 is dethi
starting up in the very beginning at acceleratiogjie of 0,44Nm. Depicted arg ,i iy , amplitude of
reference voltage and revolutions. In Fig. 11 aneves of drive quantities after quickly changedyter
from 0 to 0,11Nm at 40 000 mifrdepicted.
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Fig. 10. Detail after quickly changed torque frorto®.44Nm at constant revolutions 40 000min
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Fig. 11. Detail after quickly changed torque froro®.11Nm at constant revolutions 40 000Min
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6 Conclusion

High Speed Synchronous Motor Control for electhycdriven compressors on overcharged gasoline or
diesel engines was tested in laboratory. Experismehbwed good features of the control structurdy On
during very quick starting up of the drive a lagtive control loop of reference voltage amplitudeswa
observed. It was not important for so quick startip regimes.

The research will continue with experiments togethigh real mechanical load by compressor and
with respect to combustion engine needs.

Overcharging compressors used for high power cotidrugngines have revolutions round 40 000
min™ or more. Combustion engines for automobiles négldeh revolutions round 100 000 rifior more.
In further research also this “electrochargers” nngstaken into account.
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