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Abstract. Double Rotor Motor Power Coupling System (DRM-PCS), as a new kind of power
coupling system, can be used in hybrid electric vehicle to make the engine operate efficiently by
decoupling the engine speed from the wheels. In this paper, the thought and method of the engine
optimal control are put forward. With the help of the data fitting method and the steepest
descent algorithm, the optimal operation point of the engine is calculated. Then using the fuzzy
control method, the simulation model of the engine optimal operation point controller is established.
The simulation results show the controller can make the effective adjustments to the engine
operation, and the control performance on the engine fuel consumption rate is better. In addition,
the simulation results suggest that the optimization time of the control method has obvious
influence on the stability of the DRM-PCS in the hybrid driving mode with low speed.

Introduction

Double Rotor Motor Power Coupling System (DRM-PCS) is a new type of hybrid coupling
system[1]. From Figure 1, we can know the structure of the DRM-PCS. The DRM-PCS belongs to
the non-contact electromagnetic power coupling system. This type of coupling system has the
advantages of simple structure, easy maintenance, and zero wear. So it is suitable for hybrid electric
vehicle, and nowadays has become a new approach to develop the power coupling technology for
hybrid electric vehicle[2,3].

In the DRM-PCS, because of no mechanical connection between engine's crankshaft and the
subsequent transmission shaft, the engine can work with more freedom. This is the fundamental
reason for the system to have optimal fuel economy, and it also put forward higher requirements to
engine control.
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Fig.1 Structure diagram of the DRM-PCS

The Optimal operation Point of Engine

Figure 2 is the universal performance characteristic map of a certain four cylinder petrol engine.
According to the calculation, we can identify the optimal operation area, its load torque range is 65
- 83 N'm, and its speed range is 1800-3700 RPM.According to the engine fuel consumption data
from Figure 2, we can get the fuel consumption curved surface of the engine using the Matlab
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software (as shown in Figure 3). Using the Polynomial method to fit the curved surface with
higher power[4], we get the mathematical model of engine fuel consumption characteristic, which
can be expressed by formula (1).
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Fig.2 Universal performance characteristic Fig. 3 Surface of the engine fuel
map of the engine consumption rate

fuel(x, y)= pl+ p2x+ p3y+ p4x’ + p5xy+ p6y’
+p7x’ + p8x’y+ p9xy’ + pl0y’ + pl1x’
+pI2X°y+ plI3x°y’ + pldxy’ + pl15y* (1)
+pl6x’ + pl7x’y+ pl8x’y’
+pl9%°y’ + p20xy* + p21y°
Where, xis the load torque of engine, its unit is N-m, y is the speed of engine, its unit is RPM,
fuel(x,y) is the fuel consumption rate, and the fitting parameters are as follows: p/=1126, p2=-63.83,
p3=-0.1656, p4=2.051, p5=5.5131e-3, p6=4.84e-5, p7=-3.371e-2, p8=-7.607 e-5, p9=-8.099¢-7,
pl0=-1.221e-8, pll= 2.745¢-4, p12 =1.657e-7, p13=1.515¢e-8, p14=-4.063e-11, pl5= 2.537¢-12,
p16=-8.682e-7, p17=1.618e-9, p18=-9.128 e-11, p19=5.799¢-13, p20=-4.351e-15, p21=-1.532¢-16.
In order to get the minimum of fuel(x,y), we need to solve the formula (2).
x=T, TelT,,, T,,]

vy € [Y;m'n’ Ymax] (2)
fuel,,, = min[ fuel(x, y)]

where, 7 is the load torque of engine, it is equal to the electromagnetic torque of the inner motor,
fuelop: 1s the fuel consumption rate of the optimal operation point. Using the steepest descent
method[5, 6] , and after several times iterative computations, we get the load torque and the speed
of the optimal operation point, which are 75.5N-m and 2990RPM. At this working point, the fuel
consumption rate is 229.78g/KW-h.

Control Method Design

In the DRM-PCS, when the electromagnetic Synchronizer doesn't work, only load of engine is
the electromagnetic torque from the inner motor. So in order to make the engine working at the
optimal operation point, we must control the speed and torque of the inner motor is necessary

According to the structural characteristics of the DRM-PCS, the relationship between the engine
speed and the inner motor speed can be expressed as:

V

ne - nmotor—in = 27Z'Vi0 = nd (3)

Here, n. is the engine speed, #mow: - 1is the inner motor speed, nais the input shaft speed of
the drive axle, ris the effective radius of wheel, iois the final drive ratio.
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Then, we design the control flow of optimal operation point control for engine, which is shown
in Figure 4. And we select the two-dimensional fuzzy control method [7,8,9]to control the engine.
The fuzzy control flow is designed as shown in Figure 5, and the control rules as shown in Table 1.

- - actual speed - E 4]
| velocity |—>| speed of drive shaft _ of the engine E . fuzzy
electromagnetic - speed A fth = rule
Joad torque speed of the S,
] engine g'
load torque of the engine | 5| speed of the engine optimal operation T
; i i optimal operation point - throttle opening U ;
optimal operation point P p p engine PETE ~ defuzzification

Fig. 5 Control flow chart of fuzzy controller
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Fig. 4 Control flow of engine optimal operation point

Test and Analysis

According to Figure 6, we build the hardware-in-the-loop simulation system using Matlab/
Simulink software[10] and AD5435. In the simulation system, the inner motor and the outer motor
are simulated by permanent magnet synchronous motor model, and are controlled by SVPWM
vector control method[11,12]. The parameters of vehicle model is set by the reference of Toyota
Prius car, and the lap time of the simulation system is set to 0.5s.
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Fig. 6 Simulation model structure of the DRM-PCM

In order to prove the performance of the optimal operation point control method, this paper
simulates the other two control methods: switch control method(open the engine throttle to 100%
rapidly), and NECS control method!"?). Though the performance comparison, we can find the merits
and demerits of the optimal operation point control method. The simulation results are show in
Figure 7-12.
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Fig. 11 Engine speed curve Fig. 12 Throttle opening curve in hybrid drive mode
in hybrid drive mode with low speed with low speed under the optimal operation point control

Analyzing Figure 7-9, we can know the engine must be controlled effectively in the parking
generation mode. Using switch control method, the fuel consumption rate can up to 310 g/KW-h,
and the stable speed of engine can be up to 4810RPM. We can also know that the optimal operation
point control of engine has achieved the intended target, and can search the minimum of engine fuel
consumption rate. With the optimal operation point control, the engine fuel consumption rate can
stabilize at 237.9g/KW-h after about 3.8s from simulation start, which is slightly larger than the
optimal value. The speed of engine fluctuates slightly between 2980RPM and 2995RPM after about
3.4s, and the stable value of engine throttle angle is about 63.5%.

In addition, from Figure 7-9, we still can see that NECS control method is much better than
switch control. But compared with the optimal operation point control, the convergences of fuel
consumption rate and the engine speed are slower, and the minimum values after convergence are
bigger. In author' opinion, the main reason is the method difference of search the optimal point. the
optimal operation point control searches the working point by fitting the curved surface of fuel
consumption rate with higher power, and can get the better accuracy.

From Figure 10, we can see the fuel consumption rates of three control methods are fluctuating
obviously and the fuel consumption rates are higher than in parking generation mode. we analyze
the reason and believe the main reason is that the change of demand drive power when speed
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demand of driver increases. This change can lead to the fluctuation of the engine load, and can
eventuate in the fluctuation of the fuel consumption rate indirectly.

Furthermore, analyze the Figure 10, we can know that the optimal operation point control
method still has the best performance, and the mid - value of the fuel consumption rate is
279.3g/kW-h when the situation becomes stable. This data only exceeds the optimal number by
49.52g/kW-h, and lets us think the optimal operation point control method can find the optimal
operation point of engine, and work well in this mode.

In Figure 11, three control methods all have certain fluctuations. The speed mid - value of the
optimal operation point control method is about 2840RPM, and the speed mid - value of NECS
method is about 3130RPM, and the data of switch control is bigger than 4700 RPM. Therefore, we
can confirm the optimal operation point control method has the best effect.

In the Figure 12, the situation is similar, the throttle angle under the optimal operation point
control fluctuates obviously. The reason is as follow: the drive torque is adjusted by the outer motor
mainly, and it has no direct link to the inner motor, but the outer motor and the inner motor
share the outer rotor in the DRM-PCS, this structure can't avoid the transmission of velocity
wave motion to the inner motor. As the result, the velocity wave motion makes the engine speed
optimization process difficult, and the optimization time is spun out. This problem has been the next
research topic of us.

Conclusions

DRM-PCS is a typical representative of the electromagnetic power coupling system. In this
system, the engine' operation is unaffected by the wheel load, and the working efficiency can be
kept at higher value. Based on the structure characteristics of DRM-PCS, this paper puts forward
the method and the think of the optimal operation point control. Then according to the universal
performance characteristic map and using data fitting, we get the mathematical model of engine fuel
consumption characteristic. By the steepest descent method, we calculate the optimal operation
point of engine. In order to validate the validity of the the optimal operation point control method,
we build the hardware-in-the -loop simulation system in Matlab/Simulink software, and simulate
the operation process of the parking generation mode and hybrid drive mode ( in low speed ). The
simulation results show that: the optimal operation point control method can control the engine
effectively in the DRM-PCS, and compared with switch control method and NECS control method,
the optimal operation point control method has the certain advantages in engine fuel consumption
rate and on the control of engine speed. Of course, for the optimal operation point control method,
there is still some room to improve. The following work is shortening the optimal time and
enhancing the sensitivity of the optimal operation point control method.
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