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Abstract The paper presents robust design methods for the automatic control of a dam±river system, where the action variable is the upstream ¯ow rate and the controlled variable the downstream ¯ow rate. The system is modeled with a linear model derived analytically from simpli®ed partial derivative equations describing open-channel ¯ow dynamics. Two control methods (pole placement and Smith predictor) are compared in terms of performance and robustness. The pole placement is done on the sampled model, whereas the Smith predictor is based on the continuous model. Robustness is estimated with the use of margins and also with the use of a bound on multiplicative uncertainty taking into account the model errors, due to the nonlinear dynamics of the system. Simulations are carried out on a nonlinear model of the river and performance and robustness of both controllers are compared to the ones of a continuous-time PID controller. Ó 1999 Elsevier Science Inc. All rights reserved. Keywords: Open-channel irrigation system; Time delay; Robust control; Pole placement; Smith predictor; PID controller



1. Introduction As water is becoming precious and rare, there is a growing interest for advanced management methods that prevent wastage of this vital resource. Irrigation is acknowledged as being the ®rst water consumer in the world and many irrigation systems are still being managed manually, which leads to a low e�ciency in terms of water delivered versus water taken from the resource. Automation is recognized as a possibly e€ective means to increase this e�ciency [1]. One-dimensional open-channel ¯ow dynamics are well represented by nonlinear partial differential equations (Saint±Venant equations), that are not easy to use directly for control design. Using linear approximated models, Papageorgiou et al. [2,3] and Sawadogo [4] already proposed design methods for dam±river open-channel systems, but they did not take into account robustness requirements, which are essential, especially for nonlinear systems controlled with linear regulators. As the process considered is dominated by long, varying time delays, the robustness to time delay variations is very important. Kosuth [5] studied the poles migration for varying time delays, but did not end with a reliable tuning method for robust control. Such a robust design * 1
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approach is fairly recent for automatic control of irrigation systems. Only Corriga et al. [6], Jreij [7], Schuurmans [8] and Seatzu [9] have mentioned and evaluated model uncertainities. Their approach was restricted by the control of canal systems, where the elevation is controlled with intermediate gates, which is not the case for dam±river systems. Signi®cant nonlinearities are encountered in the latter case, that make it compulsory to evaluate controller stability robustness. The paper develops two classical SISO methods for the ¯ow control of a dam±river system and compares their robustness to modeling errors, using the models obtained in the companion paper [10]: the nominal model is derived from simpli®ed Saint±Venant equations and the robustness of the design is evaluated using the bound on multiplicative uncertainty, which captures possible variations in functioning points (i.e. di€erent reference ¯ow rates around which the process is linearized). Firstly, a continuous-time Smith predictor controller is designed with a robust design method. Then, a discrete-time pole placement RST controller is designed, with a robust analysis. The pole placement is done on a sampled model of the system, because continuous-time pole placement methods cannot deal with in®nite dimensional transfer functions as time-delays. A continuoustime PID controller is also designed and tuned following Haalman's rule, well suited for systems dominated by time-delays [11], to compare its performances to one of both the robust controllers. The paper is organized as follows: Section 2 gives a description of the system and the design goals in terms of automatic control, Section 3 details the design methods, after a recall of classical robustness results. Section 4 shows the nonlinear simulation results, and some concluding remarks are given in Section 5. The main contribution of the paper is the application and comparison of well-known robust control design and analysis methods to a nonlinear delay dominated dam±river system. 2. System description and design goals 2.1. Presentation of the system The irrigation system considered the uses of natural rivers to convey water released from the upstream dam to consumption places. Farmers can pump water in the river when they need it without having to ask for it (it is an `on demand' management). The (simpli®ed) system considered is depicted in Fig. 1, with a dam and one river reach with a measuring station at its downstream end, and a pumping station just upstream. Pumping stations are in fact distributed along the river. This is taken into account during the identi®cation process, but for simplicity, it is supposed that all pumping stations can be aggregated into one at the end of



Fig. 1. Simpli®ed dam±river system.
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the reach. As this discharge Qout is not measured and not controllable, it is considered as a perturbation, that has to be rejected. The controlled variable is the ¯ow rate at the downstream end of the river. The water elevation is not controlled, as the water distribution is done through pumping stations, not using gravity o€takes. The system is used mainly in summer for maize irrigation, when the ¯ow rate is quite low. The control action variable is the upstream ¯ow rate, and there is a local (slave) controller at the dam that acts on a gate such that the desired ¯ow rate is delivered. 2.2. Control objectives The objectives are twofold: satisfy the water demand from farmers (i.e. the discharge Qout ); keep the ¯ow rate at the downstream end of the reach close to a reference ¯ow rate (target), de®ned for hygienic and ecological reasons. The water demand can be predicted with a fairly good precision using weather forecast and soilplant models. The variations in the demand are then considered as perturbations (due to unpredicted in¯ow or out¯ow), and have to be rejected by the controller. Water demand predictions are used in an open loop controller, and a feedback controller is used to meet the second objective. The main problem encountered in such systems is the possible instability due to varying time delays. To ®nd a way to design a robust controller is therefore very interesting.



· ·



2.3. Modeling of the system and uncertainty description The system is modeled by a second order plus delay transfer function: F …s† ˆ



exp…ÿss† : …1 ‡ sK1 †…1 ‡ sK2 †



The uncertainties due to di€erent reference discharges are represented as an output multiplicative uncertainty. This multiplicative uncertainty captures time delay as well as dynamics variations, which are due to the nonlinearity of the process. For a reference discharge Q0 2 ‰Qmin ; Qmax Š, the transfer function F(s) is written as F …s† ˆ ‰1 ‡ Dm …s†ŠF0 …s†



…1†



with jDm …jx†j 6 lm …x† 8x. F0 (s) is the nominal model used to design the controller and lm the bound on the multiplicative uncertainty Dm . In Fig. 2, the input u corresponds to the upstream ¯ow rate Qupstream , the output y to the downstream ¯ow rate Qdownstream and w to the aggregated withdrawal Qout .



Fig. 2. Feedback system.
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A discrete-time model F (z) obtained by sampling of F(s) with a zero order hold with a sampling period Te will also be used, with corresponding multiplicative uncertainty (see Litrico and Georges [10] for the modeling part) F  …z† ˆ zÿrÿ1



c ‡ dzÿ1 ‡ ezÿ2 : 1 ÿ azÿ1 ‡ bzÿ2



3. Robust control design 3.1. Robustness evaluation Classical robustness measures given by gain and phase margins are not well suited for evaluating robustness to time delay variations. Modulus and delay margins [12] are more useful. In the following, the de®nitions of classical robustness margins are recalled, along with simple explanations of their physical meaning. These margins o€er a simple way to evaluate the robustness of a controlled system, in terms of acceptable variations in gain, phase or time delay. 3.1.1. Robustness margins Consider the feedback system of Fig. 2. It gives the following relations: y ˆ Sy w ‡ Ty …r ÿ b†;



u ˆ KSy …r ÿ b ÿ w†



with Sy ˆ



1 ; 1‡L



Ty ˆ



L : 1‡L



L ˆ FK is the open loop transfer function, Sy the output-perturbation sensitivity function, and Ty the complementary sensitivity function. Ty and Sy are linked by the relation Sy ‡ Ty ˆ 1. The modulus margin Mm is de®ned as the minimal distance of the Nyquist plot of L to the point (ÿ1, 0): Mm ˆ inffj1 ‡ L…jx†j; x 2 Rg: Then Mm ˆ j1 ‡ L…jx†jmin ˆ jSy …jx†ÿ1 jmin ˆ …jSy …jx†jmax †ÿ1 ˆ



1 ; jjSyjj1



where jjSy jj1 represents the maximum of jSy …jx†j for x 2 R. A pure time delay s introduces a phase lag xs proportional to the frequency x. The delay margin Md is de®ned as the maximum of the time delays s such that the feedback system is stable for a perturbed process Rs F (Rs represents the delay operator of transfer function eÿss ): u ; Md ˆ xcr where u is the phase margin (in radians), and xcr the crossover frequency (in rad/s) where the Nyquist plot of L intersects the unit circle. These de®nitions are also extended to the case where the Nyquist plot intersects the unit circle at more than one point. 3.1.2. General robustness results for unstructured uncertainty The robustness margins presented above only consider variations in gain, phase or time delay and not simultaneous variations. The use of unstructured uncertainty enables us to take into account the global modi®cations of the nominal transfer function. The Nyquist theorem gives general robustness results for such uncertainties.
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With uncertainties represented in the multiplicative form, a condition of robust stability is [13] L0 …jx† 1 < jTy0 …jx†j ˆ 8x 2 R …2† 1 ‡ L …jx† jl …jx†j 0



m



with L0 ˆ KF0 , the nominal open loop transfer function. This is a direct application of the Nyquist theorem, if the perturbed system has the same number of unstable poles as the nominal system. For discrete-time systems, the same theorem applies, in the following form: L0 …z† < 1 ; z ˆ ejh ; 0 6 h 6 p: jTy0 …z†j ˆ 1 ‡ L …z† jl …z†j 0



m



3.2. Robust continuous Smith predictor design 3.2.1. Internal model control representation of the Smith predictor The nominal transfer function F0 is factored in two terms, FM0 being the part without delay F0 …s† ˆ FA0 …s†FM0 …s†



…3†



with FA0 …s† ˆ exp…ÿss0 † and FM0 …s† ˆ



1 : …1 ‡ sK10 †…1 ‡ sK20 †



The classical Smith predictor is usually represented as in Fig. 3. Such a controller is interesting as, in the case of perfect modeling, the delay is eliminated from the closed loop equation [14]. The transfer from the reference r to the output y (which is the complementary sensitivity function Ty ) is given by Ty …s† ˆ



C…s†F …s† : 1 ‡ C…s†‰FM0 …s† ÿ FM0 …s†exp…ÿss0 † ‡ F …s†Š



If F …s† ˆ FM0 …s†exp…ÿss0 †, it gives Ty0 …s† ˆ



C…s†FM0 …s† exp…ÿss0 †: 1 ‡ C…s†FM0 …s†



It is then possible to design the controller C(s) without taking the delay into account, as the characteristic polynomial does not depend on the delay. To study the robustness of this feedback system, the controller is rewritten in the form of Internal Model Control [15] (see Fig. 4). The nominal complementary sensitivity function Ty0 is then given by Ty0 …s† ˆ Q…s†F0 …s†:



Fig. 3. Classical Smith predictor.
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Fig. 4. IMC representation of the Smith predictor.



Q and C are linked by the following relation: Q…s† ˆ



C…s† : 1 ‡ C…s†FM0 …s†



3.2.2. Robust stability and performance of the Smith predictor Robust stability: Using the IMC representation, the robust stability condition (2) becomes: The system of Fig. 4 is stable for multiplicative uncertainties jDm …jx†j 6 lm …x† if: · the nominal system is stable; ÿ1 · jQ…jx†F0 …jx†j < lm …x† 8x: Robust performance: Nominal performance is speci®ed with an H1 constraint on nominal sensitivity function Sy0 …Sy0 ˆ 1 ÿ Ty0 † jjSy0 …jx†w2 …jx†jj1 < 1 or



1 8x; jw2 …jx†j where w2 is a weighting function for performance. For example, a choice of w2 ˆ MPÿ1 , with MP a given positive real scalar ensures that the Maximum Peak of the modulus of the nominal sensitivity function Sy0 stays below MP (see Laughlin et al. [13] for di€erent choices of weighting functions w2 ). The performance is robust when the inequality is respected for Sy …jx†, i.e. for all models in the set described by F0 and the bound on the multiplicative uncertainty lm . Robust stability and performance can be combined in one inequality jSy0 …jx†j 
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