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−Brief Paper−



SECOND ORDER SLIDING MODE CONTROL OF A DIESEL ENGINE M. Khalid Khan, Keng Boon Goh, and Sarah K. Spurgeon ABSTRACT A 2nd order sliding mode algorithm is applied to control the speed of a diesel power generator set. Tuning guidelines are given. The robustness of the controller is investigated and the performance of the 2nd order sliding mode controller is compared with that obtained by a commercial diesel engine controller and a classical proportional-integral (PI) controller. Robustness to unmodelled dynamics is discussed and implementation results presented. KeyWords: Variable structure control, robust control, second order sliding modes, diesel engine control.



I. INTRODUCTION Sliding Mode Control (SMC) is known to be a robust control method appropriate for controlling uncertain systems. High robustness is maintained against various kinds of uncertainties such as external disturbances and measurement error [4,12]. It is also straightforward to implement the resulting algorithms. In traditional sliding mode control, or First Order Sliding Mode (FOSM) controller design, the sliding variable is selected such that it has relative degree one with respect to the control. The control acts on the first derivative (with respect to time) of the sliding variable ( s ) to keep the system trajectories in the sliding set s = 0. Essentially, the discontinuous control signal acts on the first derivative of s. The notion of FOSM control has recently been extended and the concept developed of Higher Order Sliding Modes (HOSM) [5,10] as the generalisation of FOSM. In HOSM control, the control acts on higher derivatives of the sliding variable. For example, the case of second order sliding modes corresponds to the control acting on the second derivative of the sliding variable, namely s , and the sliding set is defined as s = s = 0. Several such second order sliding algorithms have been presented [1,8]. The super twisting algorithm [7] has Manuscript received January 9, 2003; accepted March 28, 2003. The authors are with Department of Engineering, University of Leicester, University Road Leicester LE1 7RH, U.K.. This work was supported by Perkins Engines, TRW and EPSRC Grant References GR/M94021 and GR/L42018. Invaluable technical advice from Dr. John Twiddle throughout this work is gratefully acknowledged.



been developed and analysed for systems with relative degree one with respect to the input. Here the 2nd order super twisting algorithm is applied to control the speed of a diesel power generator set under various load conditions. The robustness of the controller is investigated and the performance is compared with that obtained by a commercial diesel engine controller and a classical proportional-integral (PI) controller. The uncertainties include load demand, neglected time delays and unmodelled dynamics.



II. SECOND ORDER SLIDING MODE CONTROL Consider an uncertain SISO nonlinear system which is affine in the control u. x = f (t , x(t ), u (t ))



(1)



where x ∈ X ⊂ ℜn is a state vector, u ∈ U ⊂ ℜ is a bounded input and t is the independent time variable. The sliding surface s(t, x) is selected such that by zeroing it, the control objective is achieved. The system dynamics can thus be written as: s = φ (t , x) + γ (t , x)u



(2)



The dynamics in equation (2) are assumed to satisfy the following bounding conditions 0 < Γ m ≤ γ (t , x) ≤ Γ M ;



φ (t , x) ≤ Φ; and s ≤ s0 (3)



where Γm, ΓM, s0 and Φ are some positive constants. Classical VSS control can be applied to stabilise the system (2). Many such classical techniques involve the application of a fundamentally discontinuous input signal to the plant. For many applications, this is unde-



M.K. Khan et al.: Second Order Sliding Mode Control of a Diesel Engine



sirable and causes high frequency oscillations called chattering. The chattering phenomenon makes sliding mode control unacceptable for mechanical systems where it may excite the unmodelled high frequency dynamics and cause increased actuator wear. A number of direct ways to smooth the control signal have been considered to alleviate the problem [4,11,12]. It should be stressed that by smoothing the control signal, ideal sliding no longer occurs and the total invariance to matched uncertainty will be lost. In the case of observer based techniques for chattering avoidance, sliding motion is established in the observer state space. The approach utilises asymptotic observers to construct a high frequency by pass loop and exploits the localisation of the high frequency phenomenon in the feedback loop [12, 13]. The control is discontinuous only with respect to the observer variables and chattering is localised inside the high-frequency loop which bypasses the plant. However, this approach assumes that an asymptotic observer can be designed such that the observation error converges to zero asymptotically. The accuracy of the observer depends upon the observer gains. Higher gains reduce the observation error. However, Bartolini et al. [2] have shown that in the presence of noise, the increased observer gain is counter productive; the larger the gains, the worse the observation error. Therefore, a compromise between observer gain and observation error has to be achieved. The proposed 2nd order sliding mode control can be used as an alternative natural approach for smoothing the input signal. The sliding order is a measure of the degree of smoothness of the sliding variable in the vicinity of the sliding mode. System evolution featuring a second order sliding mode on the sliding manifold s(t, x) occurs if and only if its trajectories lie on the intersection of the two manifolds s = 0 and s = 0 in the state space. In practice, because of switching imperfections, a delay is introduced which causes so called real sliding rather than ideal sliding. In real sliding modes, the system states deviate from the sliding surface s = 0 and the relation sups = O(τ) holds where τ is a measure of the delay present in the switching device. However, Levant [7] has shown that with a real 2nd order sliding mode, the relationship sups = O(τ2) holds and hence the sliding mode performance is improved. 2.1 Super twisting algorithm The super twisting algorithm [7] has been developed and analysed for systems which can be written in the form (2) and satisfy the conditions given in equation (3). The trajectories of the super twisting algorithm are shown on the phase portrait of the sliding variable in Fig. 1. The super twisting algorithm below converges in finite time.
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Fig. 1. Super-twisting phase plot.



u (t ) = u1 (t ) + u2 (t ) −u , u1 =  −W sign( s),



(4) u >1 u ≤1



−λ s0 ρ sign( s), u2 =  ρ −λ s sign( s ),



s > s0 s ≤ s0



The corresponding sufficient conditions for finite time convergence are: W>



4ΦΓ M (W + Φ) Φ ; and 0 < ρ ≤ 0.5 > 0; λ 2 ≥ Γm Γ3m (W − Φ)



(5)



For ρ = 1, this algorithm converges to the origin exponentially.



III. EXPERIMENTAL SETUP AND ENGINE MODEL To investigate implementation of a 2nd order sliding mode controller in an experimental environment, a 1000 series Perkins four cylinder, four litre, tubo-charged diesel powered engine is used coupled to an electrical generator. The maximum generated power is 65 kW and this is dissipated via an electrical resistor load bank. The nominal engine speed is 1500 rpm. The sampling frequency for data acquisition was set to 1000 Hz. A schematic diagram of the hardware configuration is shown in Fig. 2. The speed information is obtained from the magnetic pickup pulse of the teeth on the generator flywheel. This speed pulse signal is then fed through a freq uency-to-voltage converter before converting it into units of revolutions per minute (rpm). The control signal is converted into a PWM signal at 400 Hz before it is amplified to 12V DC at the required current level to accommodate the electrical actuator. The controller is designed in SIMULINK and then converted into C code using the Matlab/RealTime Toolbox for dSPACE implementation. The C code is
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Diesel Engine
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Speed feedback Magnetic pickup pulse from flywheel



Fig. 2. Experimental hardware setup for the controller implementation.



then run on a Texas Instrument TMS 320F240 DSP microcontroller. 3.1 Engine model To apply the super twisting algorithm for speed control of the diesel engine, the dynamics of the engine speed error should be of the form (2). Moreover, the bounds of the drift term and bounding values and sign of the gain term need to be known. For the diesel engine, measurements of output (engine speed) only are available. Any system state other than speed will certainly influence the bounding values to be calculated. Therefore, a linearized diesel engine model is experimentally identified by an event-based closed loop identification process. The event signal comes from the crank-shaft angle when the first cylinder is at top-dead center (TDC). The injection and changing level of excitation signal, which was here chosen to be a pseudo-random binary sequence (PRBS), is controlled synchronously by the event signal. The event signal is also used for data acquisition for the identification process. A linear model is derived from the I/O data using an auto-regressive with exogenous input (ARX) model structure. Several model validation methods, such as data correlation, comparing different structures, checking pole-zero cancellations and comparing different models from different data sets, have been carried out. The model turns out to be of second order and a linearization at 1500 rpm is given as follows:  −0.0793 −0.2271  −98.3846  x =  x+  u  0.1327 −0.0145  −23.3471



(6)



y = [0.4119 0.2625] where, y represents the engine speed in rpm. x is the state vector and does not represent any physical engine variable. The control, u ⊂ U ∈ [0 1] represents the duty cycle of the PWM signal (12 Volts, 400 Hz) which drives the electrical actuator.



The system is BIBO stable because both poles are on the left hand side of the s-plane and hence for a bounded input, the states are upper bounded. To make engine speed as one of the system states, the state transformation z = Tx is carried out where z is the new state vector and T is given as follows:  0.4119 0.2625  T =  0   1 The transformed system is expressed in the form z = Ax + Bu;



y = Cz



(7)



The state transformation makes the measured output one of the states and leaves only one state to be observed. This reduces the size of the inclusion enveloping the uncertain system. The parametric uncertainties in the system may be represented in terms of the variation in the coefficients of the matrices A, B and C.



IV. CONTROLLER DESIGN AND TUNING To apply the super twisting algorithm (4), the engine model has to be written in the format given in (2). Using MATLAB notation, the equation can be written as y = CA(:,1) y + CA(:, 2) z2 + CBu + η



(8)



As engine speed (y) is measurable, the uncertainties lie only in the evolution of the state z2. Here the additional term, denoted η, represents the effect of electrical load on the engine speed. This representation requires one state to be observed and the bounding value of η known. As the states are bounded, instead of observing the state, its bounding value is calculated. Once the bounding value of the state z2 is known, the system can be written in an inclusion form y = CA(:,1) y + [−Φ Φ ] + [Γ m



Γ M ]U



(9)
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where Φ, Γm and ΓM are constants and can be calculated using interval mathematics such that CA(:, 2) + η < Φ and Γm < CB < ΓM. It is assumed that the error in the engine speed does not increase more than 700 rpm i.e. s0 = 700. The bounding values calculated by maximising possible uncertainties are Φ = 1.49 × 103, Γm = 93.46 and ΓM = 103.30. The coefficients of the vector B are allowed to vary by ±5%. The effect of various step load disturbances on the speed has been practically evaluated with the bounding value of η being 700 rpm/sec. The actual controller applied to the system is as follows u = − Ls − λ s



0.5



sign( s) + u1 ; u1 = −W sign( s) (10)



where the sliding surface, s, is the error in engine speed, (y − yd), with yd as the set-point speed in rpm. The additional term, −Ls, is adopted from Goh et al. [6], which has been proved to improve performance further. This modification is similar to using a linear term providing asymptotic decay on to the sliding manifold. The gain L is set to a small value of 0.0005. The controller coefficients selected using (5) are λ = 0.8776 and W = 14.45. The estimate of controller gains by equation (5) usually turns out to be very conservative; the controller stabilises the system for far lesser gains. Exact values of the controller gains can be obtained by suitable tuning. This controller gain tuning process is important to obtain the best performance. A parallel with the ZieglerNichols method [9] for tuning a PID controller is sought. The higher order sliding mode controller gain-tuning algorithm in [6] is used as the basis for implementing the 2nd order sliding mode controller employed here. The gain-tuning algorithm is straightforward and requires no calculation. It has been proved that the proposed algorithm provides reasonable controller gain setting and is sufficient to achieve tight control over a wide operating range under different loading conditions. The tuning method also enables a non-expert operator to tune the 2nd order sliding mode controller conveniently. There are only two controller gains available for tuning, namely λ and W. Before tuning starts, both gains are set to a small value. The tuning starts with consideration of W. The gain is increased gradually until oscillations appear in the speed signal. The value of W is then decreased until the speed reaches steady state; this value is approximately 85%-90% of the value of W at which oscillations commence. The same tuning method is used for the λ gain. The values of W and λ were found to be 0.01 and 0.0064 respectively. L is tuned in such a way that acceptable performance is achieved. The gain is set to a small value such as 0.0001 and gradually increased until the required performance is achieved.



Fig. 3. Speed and control signal response to step load of 60 kW at 1500 rpm.



V. ASSESSMENT OF 2ND ORDER SLIDING MODE CONTROLLER Performance assessment of the 2nd order sliding mode controller is undertaken in three stages. During each test, three data sets were taken to ensure repeatability. For steady state speed variation test, average values of the parameters of interest were calculated. With the controller gain setting mentioned in the preceding section, the 2nd order sliding mode controller maintains the diesel engine at the reference speed of 1500 rpm. No steady-state speed error occurs in the speed signal. 5.1 Speed response to load change The dynamic behaviour of interest is the speed change with load. The speed change is expressed as a percentage of operating speed. The transient response of the system is recorded by applying various electrical loads during steady state conditions. The first objective is to assess the 2nd order sliding mode controller in the presence of a large step change in load of 60 kW. This corresponds to a sudden high power demand. The second objective is to test the controller which is subjected to small varying loads such as 10 kW and 20 kW. This simulates the situation of varying consumer demands. Although the BSI standard [3] states that the test should use the maximum possible load, for reasons of safety, the applied load is limited to 92.3% (i.e. 60 kW) of maximum load (i.e. 65 kW). Figure 3(a) shows the results at 1500 rpm to a step change of 60 kW. Both speed and control signals are presented. The 2nd order sliding mode controller settles down in 5 seconds.
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Fig. 5. Speed response at 1350 rpm subjected to 60 kW load.



Fig. 4. Speed response at various load conditions.



The speed drop is of the order of 30%. During the recovery phase, the engine speed shows overshoot of about 3.4%. However, in the BSI standard, only 10% nominal speed drop is allowed and the speed must recover in less than 8 seconds. The results show the 2nd order sliding mode controller has exceeded the speed drop limit but that the speed recovers superbly in less than 3 seconds. Figure 4 shows the engine speed response when a varying load of 20 kW steps is applied to the diesel engine. The speed recovers within two to four seconds. The speed recovers quickly with a maximum overshoot of 75 rpm. The engine runs continuously without exceeding the allowable upper speed limit during speed overshoot. On the second sub-plot of Fig. 3, it is seen that the control signal reaches its maximum value to recover the engine speed. The 2nd order sliding mode controller performs well when subject to large and small load disturbances. The speed recovers promptly with no steady-state error. 5.2 Robustness at different reference speed The objective of this test is to show the robustness of the 2nd order sliding mode controller performance at different operating conditions. The reference speed of the diesel engine is set to 1350 rpm and this change is done online during the test. A large load of 60 kW is applied to the engine and the response is studied. Figure 5 shows the speed drop at 60 kW load. It recovers in less than six seconds. This shows the 2nd order sliding mode controller is robust and capable of controlling diesel engine speed over a wide operating envelope.



VI. COMPARATIVE CONTROLLER ASSESSMENT The 2nd order sliding mode controller is compared



Fig. 6. Speed response to step load of 60 kW at 1500 rpm.



to a standard PI controller and also a commercially available (COM) controller. The COM controller is an electronic speed controller with capability for the tuning of speed reference, stability, droop and idle. 6.1 Speed response to load change The objective is similar to the one mentioned above. Figure 6 shows results at 1500 rpm for a step change of 60 kW load. The 2nd order sliding mode controller settles down within three seconds which is faster than the response of both the COM and PI controllers; the COM took five seconds settling time. The PI controller struggles with such large step load changes and does not regain the set point; the speed settles down to about 1300 rpm. The 2nd order sliding mode controller shows a faster settling time to large step changes in load especially at the reference engine speed of 1500 rpm. The COM controller copes well with load changes but takes longer to reach the reference speed. The simple PI controller cannot tolerate large step changes in load at any speed. A possible reason for this is the use of a limited integral term in the PI implementation. 6.2 Robustness at different reference speeds The engine operates at 1350 rpm for the test. A large speed load of 60 kW is applied to the engine. Figure 7 shows the results for the three controllers. The recovery time for the 2nd order sliding mode controller is similar to the COM controller. The fixed PI controller not only struggles at large loads but also cannot maintain the engine speed at 1350 rpm at the no load condition as visible in Fig. 7.
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ing mode controller shows great robustness to unknown step loads. The performance of the 2nd order sliding mode controller has been assessed by comparing it with a commercially available controller (COM) and simple PI controller. The 2nd order sliding mode controller clearly outperforms the PI controller and, partially, the commercially available controller. Fig. 7. Response to step load of 60 kW at 1350 rpm.



Fig. 8. Steady state speed variations (%).



6.3 Steady state behaviour-speed band This test is of the width of the envelope of variation of the engine speed under “steady state” conditions. It is expressed as a percentage of the declared speed (i.e. 1500 rpm). It is important to ensure the engine operates at nominal speed to prevent irregular changes in speed and resulting changes of generated power frequency. Several steady state loading conditions (i.e. power) were applied to the system. The power levels are divided into two categories for testing, e.g. ≥ 25% (i.e. ≥ 16.25 kW) and < 25% (i.e. < 16.25 kW), as in the BSI standard. Three data sets (each of length 30 seconds) for each load were recorded and the average speed variation measured. The data recording was only started when the speed reached its steady state. The speed variation (i.e. as a percentage of the nominal speed value) results are plotted in Fig. 8. The results show the COM controller has a better performance in terms of speed variation over the 2nd order sliding mode and PI controllers at loads of 40 kW or higher. The 2nd order sliding mode controller gives a speed variation consistently between 1% to 2%. The BSI standard for speed variation is 0.8% and 1.0% for ≥ 25% and < 25% power respectively. All the controllers are struggling to meet BSI standards in this respect.



VII. CONCLUSIONS The theoretical validation and implementation of a 2nd order sliding mode controller for speed control of a diesel engine is considered. The details of the diesel engine are outlined. A gain-tuning algorithm has been shown to enhance performance and reduce the conservatism present in the published theory. The 2nd order slid-
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