ASIC-Controlled 3-Phase Motor Drive for Electronic Power Assisted Steering. 
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Abstract:
Electronic Power Assisted Steering, or EPAS, will serve as a viable replacement to the present hydraulic power steering systems. Innovative concepts in torque sensors and motor drive electronics improve efficiency, cost and performance over conventional designs. The control and drive electronics can be “breadboarded” using an FPGA for later inclusion in an Application Specific Integrated Circuit.

What is EPAS?

Electric Power Assisted Steering is power steering, but without the hydraulics. Power assist comes from an electric motor that amplifies the torque applied by the driver to the vehicle steering shaft. The mechanical coupling between steering wheel and the rack remains. This is necessary for redundancy in a safety critical system. The mechanical coupling also provides feedback from the road to the driver. 

EPAS Advantages 

Hydraulic systems require mechanical power at all times -- they put a continuous load upon the engine and require a great deal of space within the engine compartment. EPAS systems, on the other hand, use power only in proportion to the steering correction requirements. They are also lightweight and, if well designed, very low in cost.

System Overview 

Figure 1 shows a simplified view of the EPAS system. Applied torque from the steering wheel is transmitted to the steering rack along a shaft through the steering column. The torque sensor contains a torsion rod that deflects in proportion to the angle difference between the steering wheel side and the motor side of the sensor. 
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Figure 6 - Torque as a function of power angle.


Figure 1 - EPAS System Overview

The EPAS Electronic Control Unit (ECU) senses the torque differential and applies the appropriate drive signals to the motor in order to maintain a smooth and responsive power assist. Gearing between the motor and steering column transforms the torque-to-velocity ratio at the motor shaft to a value suitable for steering control.

Motor Power Requirements

Motor power requirements depend upon the specific vehicle and application. Parking and low speed maneuvers require high torque at moderate shaft speed. A typical parking maneuver in a mid-size car with under-inflated tires may require 35 lb-ft of torque upon the steering mechanism. A reasonable expectation for response speed presumes the steering wheel must turn at a rate equal to 0.65 revolutions per second in the steady state. Parking does not require rapid changes in angular velocity; therefore, power requirements due to motor rotational inertia are ignored for this example. The mechanical power requirement may then be derived from the equation1:

Pw = (T 

Where:

Pw = Power in Watts 

(  = Angular velocity in radians/sec

T = Torque in Newton-meters

Converting lb-ft into Newton-meters and revolutions per second into radians per second yields the following relation for the mid-sized car example:

Pw (peak) = 2((VRPS(1.356(TLbf  = 194 Watts = 0.26 Hp
Considering only the peak power requirements for the parking application is insufficient and misleading. Suppose the driver of the midsize car in the foregoing example must swerve rapidly. A bold maneuver might require increasing steering wheel angular velocity from 0 to 2.5 revolutions per second in 250 milliseconds. The motor and gearing ratio must be selected to accommodate the high speed and high torque application. Consider the motor specification below:

Specification
Max
Sustained

Torque
0.86 Nt(m
0.31 Nt(m

Speed
8000 RPM (838 radians/s)
4500 RPM

Rot. Inertia
20 (Nt(m/sec2
--

Table 1 - motor specification
Gearing Ratio

Gearing is a tradeoff. Torque is multiplied while speed and response is sacrificed. Consider the specification in table 1 while assigning a trial value of 50 to the gearing ratio. Motor Torque is multiplied by 50 at the steering shaft. The maximum power assist torque available is therefore 43 Nt(m or 58.3 lb(ft. The limitation on speed is 0.02 ( 838 radians/sec or 16.76 radians/sec. The rotational inertia implies a built-in acceleration limit. The motor maximum torque and rotational inertia balance out at a very high steering shaft acceleration, therefore this is not considered a limiting factor, however it is still an important factor in gain and phase stability margins.

Safety Clutch

At a time of emergency demand upon the system, The peak angular velocity of the steering shaft may cause the motor to exceed its recommended maximum operating point. In this case, the gearing mechanism must allow the free rotation of the steering by de-coupling the motor drive.

System Control Model

The EPAS system is a torque amplifier. The torque from the output of the gearbox, Tg is added to Tin, the torque applied by the driver as shown in fig. 2 below:
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Figure 2 - Simplified Mechanical Model


Representing the mechanical system as a simple linear approximation, and using ( to indicate steering shaft angular position, the load torque Ts can be expressed:

Ts = Kr(d(/dt+Ks((
Where Kr is the rotational damping coefficient, or resistance proportional to steering shaft speed, and Ks is the inverse of the rotational spring constant within the steering mechanism coupled with the effect introduced by the tendency of the wheels to return to the straightaway position on a level road when the vehicle is in motion. In the real world, these coefficient values are dramatically dependent upon vehicle speed.2
Expressing the output torque as a function of input torque from the model in figure 2 yields:

Ts = Tin((1+Gm)

Where Gm is the gain associated with the torque sensor, EPAS ECU, motor, and gearing system. The main purpose of the power assisted steering is to lessen the torque required at the wheel for corrective action. The model shows an overall torque gain of 1+Gm.

System Dynamics and Stability

A more detailed model of the control system is depicted in figure 3. Electrical Modeling can be used as an analogy to the mechanical system.3 L1 corresponds to the torsional spring within the torque sensor, (in  represents steering wheel angular velocity, and R3, C2 and L2 comprise the load. C2 was added to model the rotational inertia of the motor translated through the gearing system. The lag network, R2 C1 is a first order approximation of the motor and motor drive time constant. The values for H1 are derived from the characteristics of the Mercer University Torque sensor (see appendix 1), whereas G1 represents the controller, motor, and gearbox gain. The torque amplification is given by:

Gm = H1(G1 = 0.00434(1000 = 4.34 

R1 is added as an estimate of the torsional losses in the steering drive train and also as a patch to prevent a singular matrix error in PSPICE simulations.
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Figure 3 - Electrical analogy to the mechanical system.
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Time-Domain analysis

Figure 4 is a graph of the state variables in the electrical analogy above and clearly shows the torque amplification. The input is a test pulse of angular velocity with a controlled rise and fall rate:
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Torque Sensor

Stability and performance would not be possible without a low-noise, accurate torque sensor. Several of the major automobile OEM suppliers are manufacturing optical, resistive, and inductive sensors. One innovative approach comes from the University of Mercer, where a dual-differential capacitive sensor is under development (see appendix A). The electrical model for the torque sensor is represented as an inductor, where the state variable Voltage replaces angular velocity and the state variable Current replaces Torque. The "inductance" is the inverse of the mechanical spring coefficient, e.g. a stiffer spring, or torsional constant is represented by a smaller inductance. 
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Figure 6 - Torque as a function of power angle.


Optimum Motor Type
DC commutating armature motors are not well suited for a wide range of speed, nor are they as reliable or as cost effective as their brushless counterparts. Variable reluctance motors, such as steppers, cannot develop a very high power output The best kind of motor for this application is one which develops a rotating magnetic field, or flux. Induction motors do have excellent starting torque; however, the peak torque to normal running torque range is not that high. The best choice for cost and performance is a polyphase synchronous AC motor with a fixed armature field or permanent magnet rotor. This type of motor only develops torque at synchronous speed.

Synchronous Motor Characteristics
Imagine two magnets able to rotate independently about the same axis as in figure 5. Suppose M1 were rotated clockwise as shown. M2 would follow at the same angular velocity, but lagging in angle -- assuming there is a load applied to M2. In a synchronous motor, there is only one magnet - M2, which tries to align itself with the rotating magnetic field in the stator. A rotating magnetic field is generated by applying N phases of a sinusoidal signal to electromagnets spatially placed in N equidistant locations about the circular stator4.
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In order to vary the motor speed, the N-phase stator drive must lead or lag its prior location by some incremental angle, (. If |(| is too large, the motor cannot handle the change, and, if the angle is not reduced, the motor "slips off" and stalls.

Power angle and torque

For control purposes, it is an advantage to have a close approximation of the motor's torque versus the power angle. Fortunately, this is a fairly consistent property among a production lot. Salient-pole AC synchronous motors have a motional mutual Te and a reluctance component Tr to the torque as a function of power angle
:

3-phase Motor Driver
The driver consists of the following elements:

· Frequency Synthesizer

· Resonant mode power Supply (1 per phase)

· AC-AC converter (1 per phase)
Frequency Synthesizer

In a more conventional PWM controller, the output pulse width is controlled by a counter to represent an instantaneous voltage level at that specific point in time on a sinusoidal waveform. The PWM signal is then filtered (sometimes only by the stator inductance) to remove the high frequency AC component. For the resonant mode control, a pulse width controls the instantaneous output envelope voltage. The Synthesizer must generate the proper pulse width at any instant to correctly synthesize the magnitude of a sinusoidal function. Sine lookup and 120( phase shift tables are used to generate a phase and amplitude reference for the output envelope. 

Resonant mode Power Supply

It is more common to refer to the output device 'on' time as the conduction angle. A 180( conduction angle is a 50% duty cycle of the high frequency AC waveform. In this example, the resonant mode frequency is set to 500 kHz. Figure 7 illustrates power efficiency and output level as a function of conduction angle for an example driver stage. One phase produces a maximum of 32 volts peak at 5 amps, or about 110 watts -- for a total of 330 Watts of drive. 
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Figure 7 - efficiency and output level vs. conduction angle

The output driver in the resonant configuration can achieve a 95% operating efficiency, depending upon conduction angle. The basic principle behind maintaining the efficiency of the resonant mode controller is to minimize the in and outflow currents when the device is turned on and off. Ideally, the current will look like the tip of a sine wave and be nearly zeroed on both edges. The key to a successful design is a low Q in the resonating elements and a well-tuned matching network between the output device and the transformer.
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AC-to-AC conversion

The High frequency AC signal from the resonant mode amplifier cannot be used directly for motor drive. It must be rectified and switched to the appropriate polarity, depending upon which half cycle is needed. The circuit in figure 9 performs the low-to-high frequency conversion in two stages: first, the incoming AC signal is rectified and filtered by the combination of the shottkey diode and capacitor.  Diode D2 and capacitor C2 rectify and filter the positive peaks of E1, and the signal tracks the positive half-cycle of the amplitude envelope.
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Figure 9 - Simplified schematic of the AC-AC converter

 

Closed Loop Torque Control

If the power is removed from the motor, it will continue to generate a voltage. The phase at the zero crossing will lead or lag the previous location depending upon motor torque applied, assuming that the drive electronics are doing nothing to advance or retard the power angle. The circuit shown above in Figure 9 can control a late conduction on both SCR's allowing enough time for a voltage reading near the zero crossing. Closed loop control is necessary when operating the motor at maximum torque, near the slip-off point.

ASIC or MICRO?
The real question becomes, "ASIC and micro or just MICRO?"  The requirement for real time adaptive digital filtering, as well as the need for dedicated PWM outputs suggests that an ASIC or DSP is required. A high performance Micro could also do the job with the right peripherals. A very powerful architecture coming into common usage consists of a combination of an ASIC plus a low-cost micro with FLASH and non-volatile E2 RAM. Engineering Development schedules, feasibility studies requirements, and high non-recurring fees have dissuaded many engineers from ASIC design cycles. One increasingly popular approach is to simulate and "breadboard" the ASIC using FPGA design tools. Following functional and test vector verification, the designer has many options for using several low-cost ASIC conversion contractors who specialize in conversion from the FPGA netlist to SYNOPSIS to ASIC design. 
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Figure 10 - EPAS ECU block diagram


Electromagnetic Interference (EMI)
The Resonant mode output drive is designed to generate a powerful radio frequency (RF) source. This configuration has the advantage of concentrating most of the RF energy at the fundamental, which is rectified and converted to a low - frequency AC signal. The higher order harmonics are suppressed by the resonant circuit. The degree of suppression is related to the circuit Q, or quality factor, which is relative to the absence of non-reactive (resistive) impedances within the resonant system. Conducted magnetic and electrical emission at the fundamental frequency is the greatest concern. It makes sense, therefore, to choose a fundamental in a band, which is not used by the radio. In most countries, a slot between 1.8 and 2.0 MHz is usually available. 
Conclusion

An optimized motor drive system can achieve performance many times that of conventional drives by exploiting the wide dynamic range of a well-designed 3-phase motor. Increasing the output voltage drive and providing a dedicated ASIC to control the frequency synthesis can reduce system cost in the long haul. As FPGA and microprocessor integration and synthesis tools improve, it will become more practical to use this type of hybrid architecture for system control.  
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Figure 3 - Electrical analogy to the mechanical system.
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Figure 9 - Simplified schematic of the AC-AC converter
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Figure 5 - Rotor aligns with the stator field minus (







M1 - "stator"







M2 - rotor







N







N







S







S







Stator field 'rotation'







Br







Bs







Power angle, (












_1003752000.doc


Torque vs. delta
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Figure 6 - Torque as a function of power angle.
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Figure 2 - Simplified Mechanical Model
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