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The principles and the methods to control complex, multi-body, objects of diverse physical nature, subjected to complex forces and comprise inertial components having structural compliance under constraints are described. Non-linear control results in improved response, extended torque frequency range, system dynamics and overall speed. The paper presents the model and simulation of an internal combustion engine coupled with an eddy current dynamometer system. Steady-state and dynamic models are presented.
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INTRODUCTION





The performance of an internal combustion engine is evaluated and a coupled eddy current dynamometer system is described (see fig. 1). Lumped modeling techniques are used in order to establish the inter-connections between the physical components. The coupled eddy current dynamometer absorbs kinetic power by adjusting its field excitation current. 


	Under steady state conditions, the engine is simulated as a voltage source with resistance, while the dynamometer is modeled as a current source with impedance. Under dynamic conditions the engine is simulated as a voltage source with resistance and capacitance, while the dynamometer is considered as a current source with impedance, capacitance and reactance. The shaft is a passive element with impedance-reactance characteristics. The shaft stiffness is measured physically, and the internal damping is derived by transient response analysis (1).





DYNAMOMETER SELECTION





Dynamometers are mechanical, hydraulic, electric, eddy current, air brake, friction and hybrid ones (9, 10). Eddy current dynamometers are capable of rapid load change, well adapted to computer control, simple and robust with low inertia, but they are vulnerable to poor cooling supply, not sustaining overload (11). Engine and dynamo-meter characteristics are matched (see fig. 3). An incorrect choice, installation and use of the system might lead to torsional oscillations, system vibration and shaft whirling and eventual failure. The resonant (critical frequency) of torsional oscillation is (2):
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	Fig.  1.	Block diagram of the plant
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Fig.  2.  Experimental flexible link
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		Fig.  3.  Performance curves of eddy current dynamometer








For a three body model of a load-motor-tachometer system:





	� EMBED Equation.2  ���


where,


La	=	motor equivalent inductance


kE	=	generator voltage / angular velocity proportionality constant


kT	=	motor torque / current proportionality constant


k1	=	load (brake) stiffness factor


k2	=	tachometer stiffness factor


Jm	=	motor moment of inertia


J1	=	load (brake) moment of inertia


J2	=	tachometer moment of inertia


D	=	damping factor


D1	=	load (brake) damping factor


D2	=	tachometer damping factor


Ia	=	motor current excitation


V	=	motor voltage excitation


θ�m	=	motor angular position


θ�1	=	load (brake) angular position


θ�2	=	tachometer angular position





	EXPERIMENTAL SET - UP�
�
Internal combustion engine�
1300 cc lead less oil�
�
Dynamometer heat absorption�
water cooled�
�
Internal combustion heat absorption�
heat exchanger�
�
Lubricating oil heat absorption�
heat exchanger�
�
Dynamometer casing�
swing in trunion bearings, universal joints�
�
Measurements�
torque, angular velocity�
�
Torsional strain�
resistance strain gauges�
�
Dynamometer speed�
ac tachometer�
�
Cooling water temperature�
thermistor�
�
Lubricant temperature�
thermistor�
�
Safety circuits�
shut down�
�
Control�
angular position (15 Hz)�
�
Throttle control�
step motor�
�
Mechanical properties�
inertia, viscous damping, compliance�
�



		Table 1.  Experimental set-up





The dynamometer field current is controlled with a rise time of 4 ms. Closed loop torque and speed control permits marginally greater bandwidth (3). 





STATIC and DYNAMIC TESTS





The hardware under test and simulation is presented. The plant presented consists of the engine, the coupling shaft and the dynamometer. Parameters, such as the throttle angle, torque, field current and the speed measurement are given.


The model is developed initially to represent the system under steady state conditions, about a chosen operating point in the middle of the torque and speed ranges (5). 


	The model under dynamic conditions, the parameters interactions and magnitudes are evaluated by structural and dynamics considerations. Thermodynamic and mechanical losses are due to reciprocating and rotating parts (6). Excess attenuation at high frequencies of the plant is due to the flux build-up (contributing first order lags) associated with the dynamometer rotor (4). 


Sine wave, step, impulse and Pseudo Random Binary Signal excitation responses are studied. PRBS excites many frequencies simultaneously, its power is spread over the lower harmonics of the spectrum, but it introduces noise in the system spectrum identification results.
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	Fig.  4.  Engine and dynamometer torque - speed characteristic





The throttle and dynamometer steady state transfer characteristics are presented, together with the throttle-speed frequency response of the engine (see fig. 4). The response of torque and speed to throttle and load perturbations are simulated (see fig. 8) (12).





ENGINE - DYNAMOMETER MODEL





The state variables for the electromechanical model of the engine - dynamometer system, gives a model with a valid structure throughout the torque / speed range of the engine, as:





� EMBED Equation.2  ���


where,


VF	=	engine speed			VD	=	dynamometer speed


IS	=	shaft torque			VT	=	throttle servo input voltage


VE	=	engine source voltage (a function of throttle opening)


-1/RE 	= 	slope of the torque / speed curve


VL	=	load - dynamometer current amplifier input voltage


ID	=	dynamometer source current


IF	=	field current





The model (a first order system with a time delay proportional to the inverse of engine speed, i.e. the time taken to inhale and ignite a charge) decouples the engine flywheel from the shaft connecting it to the dynamometer and obtains a series of transfer functions, accepted over a range of mean speeds. The engine inertia is lumped, while the dynamometer presents a large rotor inertia (7).


	The responses of shaft torque and dynamometer speed to inputs to the dynamometer field current control show poor agreement, while for throttle servo disturbance they show good agreement.
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	Fig.  5.  Throttle and dynamometer steady state transfer characteristic








Difficulties are encountered in reproducing the curve in the high torque and low speed regime, where RE becomes negative. At low speeds with large throttle openings the slope of the characteristic changes sign. Stability is achieved by proportional control upon the dynamometer field current. The slope of the torque / speed curves remains substantially constant for the full range of the throttle settings.


The relations between VT and VE are given in fig.  5, showing that for low speed high torque regime it is substantially linear. 
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	Fig. 6.   Characteristic curve of electrodynamic brake


	The slope of the torque speed characteristics of the engine alter significantly in certain regimes of operation (i.e. the parameters change, see fig. 6). Instabilities cause the engine to stall, while resonance imposes limits on rig performance; feedback speed control overcomes such instabilities (see fig. 2).
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Fig. 7. Electric motor train Braking power vs velocity during maximum braking
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	Fig.  8.   Linear simulation of engine - dynamometer system


	The throttle servo suffers from velocity limiting, as an average filter. Perturbations of the ignition advance instead of the throttle angle, results in an improved impulse response for the shaft torque (8).





CONCLUSIONS





The model of an internal combustion -dynamometer and its response is given. Simulation offers obvious advantages for testing the system without the danger in damaging it by over speeding. The system time constant is moderately short.
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