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Fig. 3.2 Block Diagram of Electn'c Motor Equations
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Slow ramping of the demand input, Hm, at a number of constant speeds,

figure 4.8, shows the field current constant at 8.5 A and reveals that in this

mode the set point function, fi(0,,,), depends only on the initial armature

current and the demand value 6", as

;a(a,,,) = I,.(N) + o.137o,,, (4.23)

Where I,,(N) is the initial armature current at motor speed N, giving the

linearised results

Ap(9,,.) = o.137A9,,. (4.24)

W, = 8.5A (4.25)

Aa‘(9,,,) = Aa(t9,,,) = 0 (4.26)

As a consequence of these results for the set point gain functions, and

the simplification of the motor block diagram in the armature control mode -

described in section 3.1.1, this mode is the simplest of the three to analyse,

since it has constant gain and dynamics regardless of the initial conditions.

The result for this set point function is summarised in Table 4.1.

4.2.3 Field Weakening Mode

When operating in the field weakening mode, experiments show that

the field current reduces with both speed and accelerator demand. ’The

field and armature currents are again given by equations (4.8) and (4.9)

respectively. The set-point ifunctions oz(6,,,) and fl(9,,,) can be evaluated by

slowly ramping 9," at a number of constant speeds and recording the variation

in both field current and armature current.

For the field current the results of figure 4.9(a) suggest that a(9,,,)

has the form

so

Page 107 of 257 FORD 1910



a(6,,,) = a(N) + b(N)0,,.

Regressing the slopes and intercepts gives

a(9,,,) = (19957 — 0.004611N) + (1.605 x 1o‘°N — 6.134 x 10“3)a,,. (4.28)

With speed constant and taking small variations gives

Aa(9,,,) = (1.605 x 10“‘N., — 6.134 x 10‘3)A6,,, (4.29)

Armature current is given by equation (4.8) but unlike the field boost

mode, a“(9,,.) has negligible effect on in since typical values of oz(9,,,) are

ten times smaller. The experimental results ofilfigure 4.9(b) show that the

armature current set-point function, fi(9,,,), behaves in a similar manner to

that in the full field mode, equation (4.23), but with a slightly different gain,

namely

;3(9,,.) = I..(N) + 0.1479," (4.30)

The important relationships for the field weakening mode are summarised in

Table 4.1.

Field Boost Full Field Field Weakening
l.97+9.683x10"39.,. 19.957-4.6l1x10'°N

+7.472x1o-593,, +( l.605x 10-61v—e.134x1o-3)o,,.

(9.683x 1<_r°+1.494 (1.605x 10-'3 No—6.13-Ix 10-3 me...
x 10-+9". me...

me ) 2o.o18+o.21o-w... ' l.,(NoH-0.1370... !.,(No)+0.1479,,.‘Ill

0.210449... 0.137A0,,, 0.147A0,,.
Afi(0m)

4.914x 10-3-msoox w-50...

-6.600): 10“ 5A0...

Table 4.1 Set Point Functions
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transient performance of the model. For example, after a suitable modification

to the system‘ gain, the pole at -89.76 and the zeros at -1528, 100 and 369

may be dismissed since they are, at least, an order of magnitude larger than

the dominant poles and zeros. Of the remainder, the pole-zero pair at around

3 = -12 cancel and so contribute little to the system which leaves the second

order result:

AT.,m(s) _ 1.7398(s + 52.316)
A0.,,,(s) ‘ (s + 9.839)(s + 46.818) (M1)

Adding the necessary zero-order hold and discretising the result using equation

(3.24) gives

A:r;m(z) _ 0.032922 — 0.01147
A9,,.(z) ‘ 22 — 1.21342 + 0.3220

(4.42)

This equation serves as a starting point for the adaptive identification proce-

dure to identify a second order transfer function which more closely matches

the experimental data. For comparison a fourth order identification was also

carried out but no increase in accuracy was achieved. The results of the

different identification procedures are tabulated in Table 4.5.

AT¢m!z!
A9m(z)

FromCunentModel 0.03292:-—0.01147

(R£dllCedOfdf!l') z5—1.2134z~4-0.3220

Directldentification 0.011632’-0.0092812’
(4thOrder) 2*-l.282z:'+0.4l49z

0.00l506z;t0.001028
0.00537:-0.01728

Directlvlcntification 0.011712-0.008569
Rcducerlorder z7—l.3184:+0.422

Table 4.5 Comparison of Torque Transfer Functions

For the Field Boost Mode

These results not only vindicate the use of the reduced order model

Page 116 of 257 FORD 1910



but also confirm the accuracy of the transfer function derived directly from the

current model. In figure 4.12 a comparison of the experimental torque response

and the simulated torque response predicted from the transfer functions listed

in Table 4.5 is made. All three have similar gains and dynamics.

For any given set of initial conditions a similar process is possible

for the field weakening and full field modes, conveniently carried out in five

stages: I

Stage 1. Transform G.,(z) and G;(z) into the equivalent s-domain transfer

functions using some appropriate inverse mapping procedure e.g. the inverse

bilinear transform.

Stage 2. Substitute the mode dependent gains and dynamics from Tables 4.1

and 4.2 into equation (3.21) namely G..(s),Gf(s), (1 + 'r,,s),AB(i9.,,.),Aoz(9m),

Aa°(9,,,).

Stage 3. Determine the parameters specific to_ the individual transient

KT(i;), ifo, iao, gm and No.

Stage 4. Examine the full current model and if possible obtain a reduced

order equivalent.

Stage 5. Combine the resulting transfer function with a zero-order hold

and discretise using equation (3.24). Carry out a direct identification between

A0," and AT,,,, using the reduced order model as a starting point.

Results from the final stage of this process are set out for all three

modes in Table 4.6.

  

 
 

_ Field Boost Full Field Field Weakening
, Reduccdordcr 0.0329z—0.rm5 0.0125z~0.00637 0.o0866z—o.0o442

CurrentMoilcl z2—1.2l3:+0.32'2 z2—0.943:+0.l29 :5-0.9418:-6-0.l29

Dlwcl 0.01l7z—0.00857 0.l)152z—0.l)03l0 0.000350:-—0.00543
' :2-1.3l8:+0.-12?.ldomtificatinn :7 - 1.308z+0.-127 :2 - 1.27624-0.355

 

   
 
  

Table 4.6 Identified Torque Transfer Functions

for All Three Operating Modes

90
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4.5 Manifold Filling Delay and Engine Torque Variations

Identification of the transfer functions relating inlet manifold depression

to throttle position, equation (3.40), using the model reference equations of

section 4.3 were carried out at engine operating speeds of 1000, 1500, 2000,

2500 and 3000 r.p.m. In each case data for identification was obtained by

measuring manifold pressure changes as the throttle was moved about an

average setting for that speed. Numerical results relating to equation (3.40)

for all the identification experiments are given in Table 4.7. Included in this

table are the steady state gains of each transfer function derived from the

final value theorem

Kr’“o(9.Pm) = §i§;(z — 1>H<z)G<z> (4.43)

where H(z) is the input to the plant G'(z). If H(z) is the unit step

= z/(z -1); then the gain is

KfIcg(0,p,,,) = liu} Mfd(Z) = (4.44)

Speed 0. b System

r.p.m. V Gain

1000 0.766 0.184 -10.26 -40.45

1500 0.648 0.177 -10.964 -31.65

2000 0.640 0.158 -11.360 -31.11

2500 0.644 -0.185 -9.985 -28.31

3000 0.536 -0.608 -11.14 -25.31

 
Table 4.7 Identified Transfer Function Coeflicients and Gain for the

Engine Manifold Filling Delay

Results obtained under steady state conditions are compared with

97
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these transfer function gains in figure 4.13. Lines representing these gains

have been added to the steady state data at speeds of 1000, 2000, and

3000 r.p.m. Apart from the consistent slopes, the form of the steady state

results confirms the theoretical prediction of equation (3.31) for the steady

state case i.e.

Pm = Pm(o)(N) * Kfk0(01Pm)0 (4-45)

Before being used by the torque prediction algorithm, equation (4.4),

an additional, digital, filter is included in the manifold pressure signal to

remove the transitory effects of inlet valves opening, particularly at low

speeds. Acceptable results are obtained by using a first order filter of the

form:

Az“»,..(z) _ bé
Am) ' <4-46’

Combining the results of equations (3.40),(3.41),(4.5) and (4.46) allows a 4

complete linear model to be produced which relates variations in engine

torque to changes in throttle demand as shown in the block diagram of figure

4.14. For simulation purposes this model can conveniently be expressed in

state space notation by defining the state space vector X = [ X1 X2 X3 ]

 

so that:

Xk+1 = AXk + BU};

(4.47)
Yr = CXA

where:

0 0 0

A = b1 ‘i’ albu 0.1 0

afbgbo a{bg aé

BT=[ 1 0 0 ] (4.49)

98
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Engine power
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3@BDrpm

260 ADD

Inlet manifold depression. Dm (mbar)

Fig. 4.1 I.C. Engine Power Characteristics

Regression
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46

30

20
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3000

-13 Engine Speed, N (rpm)

-20

-30

f.(N)Xl0°
-60

Fig. 4.2 I.C. Engine Power Characteristics: Variation of

Regression Constants with Speed
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Transducer torque/T..(N,p-)
1.2 '

\\\\ Line representing
correction factor N/12mm

3600

Engine speed. N (rpm)

Fig. 4.3 Comparison of Torque Transducer Measurements with

I.C. Engine Torque Preditition

Engine torque, T.=
(NM)

90

80

70

60 Engine torque
transducer

50 reading

#0

an  &:¢

2fl . Heasurement based on

‘r 3 Nm error inlet manifold depression10 and speed T.-(N.p-)
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Time (secs)

Fig. 4.4 The Effect of the Engine Cooling Fan on Torque Measurements
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Torque Constant

Kv(l.)
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Field Current. Ir (Amps)

Fig. 4.5 Variation of Motor Torque Constant with Field Current

Current based

// v’ measurement
// Transducer

Reading
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Fig. 4.6 Verification of Indirect Torque Measurements for the Motor
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Field Current. I.

(Amp§)

Experimental data

and least squares
quadratic

I56

DAC Setting, 0.

Fig. 4.7(a) Variation of Field Current with Input

Demand in the Field Boost Mode

Armature Current. 1.

(Amps)
90

BB

70
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4G

30
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I800 1500

Motor speed, N (rpm)

Fig. 4.7(b) Variation of Armature Current with Input

Demand in the Field Boost Mode
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DAC Setting, 0;

Armature Current. I. 906

at 3 constant motor speeds
800

- fir“

 % I909:-pm ‘Ian
M 650

l100rpn/
500

......—_~i”’4 one setting. 9.. mm

360

Field current. Ir 200

(8.5 Amps)
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Time (secs)

Fig. 4.8 Variation of Current with Input

Demand in the Full Field Mode

Field Current. 1.

(Amps)
9.9

275Grpm \\\\\

60$ 830

DAC Setting, 0-

Fig. 4.9(a.) Variation of Field Current with Input

Demand in the Field Weakening Mode
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Armature current, I- DAC Setting, 0,
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16$
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20
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Fig. 4.9(b) Variation of Armature Current with Input

Demand in the Field Weakening Mode
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\Hadel prediction
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Fig. 4.11 Model Identification for the Closed Loop Armature

Current Control Response G'.,(z)

Reduced order

current
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Fig. 4.12 Comparison of Torque Transfer Functions with

Experimental Data for the Field Boost Mode
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Inlet manifold
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Fig. 4.13 Comparison of Gains for the Manifold Filling Delay and

Steady State Data Relating Manifold Depression to Throttle Opening
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Inlet manlfold Throttle position. 8
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demand, 0.
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position,
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Fig. 4.15 Engine Behaviour at 1000 r.p.m.

Inlet manifold Throttle position, 8
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Hodel prediction of
inlet manifold

depression
Throttle

demand, 9.

Throttle

position,

Measured inlet manifold

depression after

electronic filtering
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Fig. 4.16 Engine Behaviour at 3000 r.p.m.

Page 134 of 257 FORD 1910



Engine Speed. M Throttle posikion, 0
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transfer function

identified by Landau's
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identified by Levy's
method

Throttle position, 8

2.8 2.5 3.0
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Fig. 4.17 Verification of Transfer Functions for

Engine Speed on No-Load

Motor Torque. Ta-
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Fig. 4.18 Predicted and Measured Torque and Current

Responses for a Transient in the Field Boost Mode
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Armature current. I- Hotor Torque. Tc-
(Amos) (Na)

38 Armature E
\\

current, £31.. -E'1\\\~\-

Motor Torque. H
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Fig. 4.19 Predicted and Measured Torque and Current

Responses for a. Transient in the Full Field Mode
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Figxd {H E=Experimentcurrent,.Al. E H'NDdE1

Fig. 4.20 Predicted and Measured Torque and Current

Responses for a Transient in the Field Weakening Mode
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Torque. T=-(!¢.Ia)

Input 9-9113-215 at l5G9rpa
(at identification point)

Input 8-=8@-180 at 2$BBrpn
(auag from identification point)

.20 .40 .60 .90 1.9 1.2 l.¢ 1.6
Time (lacs)

Fig. 4.21 Motor Torque Model: Test for the Direct

Identification in the Field Boost Mode

Torque, T--lI.,Ip)

Input o...=5oe—sou at IBGBI-pa /
(away from identification point)

Input 8-=4B¢-600 at I58Brpm
(at Identification point)

l.¢ 1.6
Time tsocsl

Fig. 4.22 Motor Torque Model: Test for the Direct

Identification in the Full Field Mode
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Input 8,8700-B00 at 3000rpa
(away from identification point)

Input 8-=370-#70 at 25D0rpn
(at identification point)

.20 .A0 .60 .90 . 1.2 1.4 1.6
Time (sacs)

Fig. 4.23 Motor Torque Model: Tést for the Direct

Identification in the Field Weakenjng Mode
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Fig. 5.1(a) Uucompensated Locus for Control of

Engine Torque at 2000 r.p.m.

.u»
o -'——7f-'..

ad I”. .1’
4.3335 +.: 1.945

‘_,—-—s.11a3s5
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gc(w’):B.4(w’+?)/u’
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Fig. 5.1(b) Compensated Locus for Control of

Engine Torque at 2000 r.p.m.
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Fig. 5.2(a) Simulated and Experimental Performance of the

Engine Torque Control System at 2000 r. p.m.

Engine Torque, T..(N,p-) (Mm) Inlnt manifold
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Fig. 5.2(b) Simulated and Experimental Performance of the

Engine Torque Control System at 3000 r.p.m.
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Fig. 5.3 Engine Torque Control System: Comparison of Indirect and

Direct Torque Measurements During a. Large Step Disturbance
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Fig. 5.5(a) Uncompensated Locus for Motor Torque Control in the

Field Boost Mode
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Fig. 5.5(b) Compensated Locus for Motor Torque Control in the

Field Boost Mode
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Fig. 5.6(a.) Motor Torque Control Test in the

Field Boost Mode at Design Conditions
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Fig. 5.6(b) Motor Torque Control Test in the

Field Boost Mode Away From Design Conditions
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Fig. 5.7 Motor Torque Control Test in the‘

Full Field Mode
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Fig. 5.8(a) Motor Torque Control Test in the Field

Weakening Mode at Design Conditions
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Fig. 5.8(b) Motor Torque Control Test in the Field .

Weakening Mode Away From Design Conditions
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Fig. 5.9 Motor Torque Control Demonstrating Satisfactory

Transition Between Operating Modes
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Fig. 5.10 Motor Torque Control: ‘Effect of Using

Field Weakening Gains in the Field Boost Mode
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Fig. 5.12(a) Uncompensated Locus for Control of

Engine Speed on No-Load
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Fig. 5.12(b) Compensated Locus for Control of

Engine Speed on No-Load
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Fig. 5.13 Step Test for the Engine Speed Control System
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Fig. 5.14 Analysis of the Engine Starting and Load

Transfer Process
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Fig. 5.15 Hill Climbing Control Design Process
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Fig. 5.16 Locus of Control Parameters During a

Hill Climb Design Procedure
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Fig. 5.17 Comparison of Reference Model Performance and

Control System Designed by the Hill Climb Method
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Fig. 6.1 Road Load and Motor Operating Curves

for All Electric Vehicles
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Fig. 6.2 Tractive Effort and Road Load Curves for All Electric

Vehicles Showing the Effect of Gear Ratio
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