Control of Integral Processes with Dead Time.

Part 3: Deadbeat Disturbance Response^∗

Qing-Chang Zhong^†

Abstract A deadbeat disturbance response of integral processes with dead-time is obtained by intentionally using two adjustable delay elements in the controller. These delays are tuning parameters of the controller. The shorter delay is optimally determined to minimize the robustness indicator (equivalently, to maximize the allowable uncertainty bound) while the longer delay (i.e. the deadbeat time itself) is determined with compromise of robustness. An example with comparison to conventional control schemes has been given to show the effectiveness of the proposed controller. Some interesting topics, such as input shaping techniques and dual-locus diagrams, are involved in this paper.

Index Terms: Dead-time compensator, deadbeat, robustness, integral process, disturbance observer

1 Introduction

In recent years, the control of processes with an integrator and dead-time has attracted much attention because of the inherent critical stability or instability. The problem originated from the fact that the well-known Smith predictor (SP) cannot be applied to these systems because of the bad disturbance response. Watanabe and Ito [1] proposed a modified Smith predictor, called process model control and later established as finite spectrum assignment [2, 3, 4] on the basis of the finite Laplace transform, to obtain a desired disturbance response. Astrom et al. [5] introduced a structure to decouple the disturbance response from the setpoint response and, hence, they can be designed separately. After that, a series of papers have been published on this subject. Zhang et al. [6] presented a much easier tuning formula for the control scheme in [5]. Matausek and Micic presented a modified SP by introducing a minor loop to stabilize the process with a proportional gain [7] and another scheme with a high-pass filter [8]. Normey-Rico and Camacho analyzed the robustness of a modified structure of Watanabe’s in [9] and then proposed a unified approach to design a dead-time compensator for stable and integral processes with dead-time in [10]. Majhi and Atherton [11] presented a scheme for such systems as well as stable/unstable processes with dead-time. With combination of internal model control, internal model principle and Smith predictor, Stojic et al. proposed a control scheme to reject arbitrary disturbances with known modes [12].

∗This research was partially supported by the Israel Science Foundation (Grant No. 384/99) and by the EPSRC (Grant No. GR/N38190/1). †Qing-Chang Zhong is with Dept. of Electrical & Electronic Engineering, Imperial College, Exhibition Road, London, SW7 2BT, UK. Tel: 0044-20-759 46295, Fax: 0044-20-759 46282, Email: zhongqc@ic.ac.uk, URL: http://come.to/zhongqc

This series of papers consists of three parts. In Part 1 [13], a disturbance observer-based control scheme was shown to be an effective way to control such systems. Furthermore, it was shown that the resulting disturbance response is in fact sub-ideal [14]. Although the control schemes proposed in the above cited papers are different, many of them offer the same disturbance response. This motivated the quantitative analysis of the robust stability region, the achievable specifications of the disturbance response and the stability of the controller itself in Part 2 [15]. As a result, the controller can be designed quantitatively. However, all the above-mentioned disturbance responses are of infinite impulse responses and the recovery time is very long. As shown in Part 2 [15], the sub-ideal recovery time is about (7β + 2)τ, in which β is a control parameter with a reasonable range of 0.5 ∼ 1 and τ is the dead-time, i.e., the recovery time is about (5.5 ∼ 9)τ. This motivated the research in Part 3 (this paper) to shorten the recovery time, even to a given time.

Deadbeat control is frequently used in discrete-time domain as well as in continuous-time domain [16, 17]. Using the idea of deadbeat control, this paper presents a design method to obtain a deadbeat disturbance response while the robust stability is still guaranteed, on the basis of the disturbance observer-based 2DOF control scheme presented in Part 1 [13]. A step disturbance is then rejected completely in finite time. A special feature in this scheme (more specifically, the low-pass filter) is that more than one delay elements are used in the controller unlike the common case of a Smith predictor.

The rest of the paper is organized as follows. For the reader’s convenience and to render the paper self-contained, the disturbance observer-based control scheme is reviewed in Section II. In Section III the low-pass filter is designed to obtain a deadbeat disturbance response and then the control structure for implementation is derived. Control parameters are tuned in Section IV according to the robust stability. An example is given in Section V to verify the effectiveness of the controller. Finally, conclusions are made in Section VI.

2 Disturbance Observer-based Control Scheme

Assume that an integral process with dead-time (IPDT) is described as,

G(s) = G_p(s)e^{−τ s} = k s G_{p0}(s)e^{−τ s},

where G_{p0}(s) is a stable minimum-phase transfer function with G_{p0}(0) ≠ 0; the pure dead-time τ and static gain k are all positive.

The disturbance observer-based 2DOF control scheme [13] is revisited in Figure 1(a), where τ_m is the estimated dead-time and G_m(s) =^k_s is the nominal delay-free part of the plant. C(s) =^1_{kT} is designed according to the delay-free part G_m(s) so that the closed-loop response meets the desired setpoint response specifications and Q(s) is a low-pass filter. It has been revealed in Part 1 [13] that this scheme has many advantages. The control scheme itself shown in Figure 1(a) is neither causal nor internally stable because of the pure differentiator and the pole-zero cancellation between the controller and the plant. However, this structure is very good for design and understanding. Figure 1(b) provides an equivalent structure, which looks more like a common feedback system consisting of a control plant G_p(s)e^{−τ s}, a measurement unit^{Q(s)}_{F (s)} , an input filter^{CGm}_{(1+CGm)F (s)} and a controller^{F (s)}_{Gm(1−Qe−τm s)} , where F (s) is a stable minimal-phase filter to make the last three blocks causal. This structure can be causal and internally stable

C(s)

G_m(s) e^{−τ}m^s

G_p(s)e^{−τ s}

G^{−1}_m (s)

Q(s) d r u y

n − − −

Disturbance Observer c d̂ CG_m (1+CG_m)F (s) F (s) G_m(1−Qe^{−τm s}) Gp(s)e −τ s

Q(s) F (s)

d r u y

n −

(a) The original structure (b) An equivalent structure

Figure 1: The control structure for design

according to the internal stability theory [18]. This coincides with the fact that structures for controller design and implementation can be algebraically equivalent but analytically different^1. In other words, algebraically equivalent schemes can have different analytical properties via different implementations. In order to avoid pole-zero cancellations between the controller and the plant, in general, it is often necessary to implement the involved finite-impulse-response (FIR) part non-dynamically for an unstable plant with dead-time [19]. The final closed-loop feedback system to be implemented is given in Figure 2 after detailed discussions of the designed controller in Section III.

In the nominal case, G_m(s) = G_p(s) =^k_s and τ_m = τ, the transfer functions from reference command r, disturbance d, and measurement noise n to output y are, respectively:

G_{yr}(s) = C(s)G_m(s) 1 + C(s)G_m(s) e^{−τms}, (1)

G_{yd}(s) = G_m(s)e^{−τms} ( 1 − Q(s)e^{−τms} ) , (2) G_{yn}(s) = Q(s)e^{−τms}. (3) As can be seen, the Smith principle, i.e. the dead-time is not included in the characteristic equation, is satisfied. Moreover, for a low-pass filter Q(s), G_{yd}(s) → 0 at low frequencies and G_{yn}(s) → 0 at high frequencies. Hence, the system has good performance to reject disturbances and measurement noises. More importantly, G_{yr}(s) and G_{yd}(s) have been decoupled because of the 2DOF structure; the setpoint response is determined by C(s) while the disturbance response is determined by Q(s). In order to guarantee the closed-loop stability, the condition Q(0) = 1 must be satisfied as can be seen from (2).

Substitute C(s) =^1_{kT} into (1), the following setpoint response is obtained:

G_{yr}(s) = 1 T s + 1 e^{−τms}. (4)

The achievable specifications can be easily evaluated. In later sections, attention will be paid to the design of the low-pass filter Q(s) to obtain a dead-beat disturbance response.

1See, Zhou K., Feedback Control System, lecture notes, pp.51, available from http://www.ece.lsu.edu/kemin/class/ee4580/fdc.pdf. Accessed on 18/04/02.

3 Deadbeat Disturbance Response

3.1 Design of Q(s)

Lemma 1. [16, 17] Let a(s) and b_i(s) (i = 0, 1, · · · , q) be polynomials in s and^{bi (s)}_{a(s)} strictly proper in s. b(s) and ϕ(s) are given by b(s) = b_0(s) + b_1(s)e^{−sT1} + · · · + b_q (s)e^{−sTq} and ϕ(s) = b(s) a(s) , where T_q > T_{q−1} > · · · > T_1 > 0. Let a_j (j = 1, · · · , p) denote the zeros of a(s) with multiplicity r_j . Assume b(s) satisfies d^l ds^l b(s) | | |_{s=aj} = 0 (l = 0, 1, · · · , r^j − 1; j = 1, · · · , p), (5)

then, ϕ(t) = L^{−1} [ϕ(s)] settles to zero in finite time t = T_q , i.e. ϕ(t) = ϕ_0(t) 0 (0 ≤ t < T_q) (t ≥ T_q ) .

Remark 3.1. This means that all the zeros of the denominator are also the zeros of the numerator. Such a ϕ(s) is called a pseudodifferential polynomial [20, 4] because it is actually an entire function of s but not in the exact form of a polynomial. Remark 3.2. b(s) has infinite zeros because of the multiple delay elements, in addition to the zeros of a(s).

Theorem 1. The disturbance observer-based control system for an integral process with dead-time rejects a step disturbance in finite time t = 2τ_m + T_2 if the low-pass filter is chosen as

Q(s) = 1 − q_1(1 − e^{−T1s}) − q_2(1 − e^{−T2s}) λs + 1 (6)

with q_1 = −^{(eT2/λ−1)(λ+τm)−T2} T_2 −T_1+T_1 e^{T2/λ}−T_2e^{T1 /λ} q_2 =^{(eT1/λ−1)(λ+τm)−T1} T_2 −T_1 +T_1e^{T2 /λ}−T_2 e^{T1/λ} (7)

where T_2 > T_1 > 0, and λ > 0 is a free parameter.

Proof. The denominator polynomial of a step disturbance is D(s) = s. According to (2), the disturbance response is deadbeat if Q(s) is chosen such that the following transfer function

ϕ(s) = G_m(s) ( 1 − Q(s)e^{−τms} ) e^{−τms} · 1 D(s) (8)

satisfies Lemma 1. Q(s) in (6) is such a candidate. Substitute (6) into (8), then

ϕ(s) = λs + 1 − e^{−τms} + q_1(1 − e^{−T1s})e^{−τms} + q_2(1 − e^{−T2s})e^{−τms} s^2(λs + 1) ke^{−τms}. (9)

The poles of ϕ(s) are 0, 0 and −^1_λ ; ϕ(s) also has a zero at s = 0. Hence, in order to make ϕ(s) be a pseudo-differential polynomial, the following equations should be met according to Lemma 1:

−q_1T_1 − q_2T_2 − λ = τ_m 1 − q_1(1 − e^{T1/λ}) − q_2(1 − e^{T2/λ}) = 0

. (10)

For T_2 > T_1 > 0, the solutions of q_1 and q_2 can be obtained as (7). This completes the proof.

Remark 3.3. Q(s) may be interpreted as a low-pass filter,^1_{λs+1} , cascaded by an input shaper [21, 22, 23], 1 − q_1 − q_2 + q_1e^{−T1 s} + q_2e^{−T2s}.

Remark 3.4. For arbitrary disturbance polynomial D(s), it is possible to obtain a deadbeat response provided that the number of the delay elements is enough so that ϕ(s) in (8) is a pseudo-differential polynomial.

Remark 3.5. For any tuning parameters T_2 > T_1 > 0 and λ > 0, the static gain of Q(s) given in (6) is always equal to 1. This guarantees the stability of the closed-loop system.

3.2 Implementation of the controller

In order to make the measurement unit^{Q(s)}_{F (s)} , the input filter^{CGm}_{(1+CGm)F (s)} and the controller^{F (s)}_{Gm(1−Qe−τm s)} in Figure 1(b) causal, the relative degree of F (s) has to be 1 for the above design. The simplest F (s) is to choose

F (s) = 1 λs + 1 ,

without introducing a new parameter. Then, CG_m (1 + CG_m)F (s) = λs + 1 T s + 1 and Q(s) F (s) = 1 − q_1(1 − e^{−T1s}) − q_2(1 − e^{−T2s}),

and_{F (s)} G_m(1−Qe^{−τm s}) = s k(λs + 1 − e^{−τms} + q_1(1 − e^{−T1s})e^{−τms} + q_2(1 − e^{−T2 s})e^{−τms}) = 1 k · 1 λ +^{1−e−τms}_s + q_1^{1−e−T1 s}_s e^{−τms} + q_2^{1−e−T2s}_s e^{−τms} = 1 k · 1 λ 1 +^1_λ Z(s) ,

where Z(s) .= 1 − e^{−τms} s + q_1 1 − e^{−T1 s} s e^{−τms} + q_2 1 − e^{−T2 s} s e^{−τms} is an FIR block or a pseudo-differential polynomial. Hence, the control system can now be implemented as the structure shown in Figure 2, where the FIR block Z(s) has to be implemented in a non-dynamical way [19], i.e. to implement the signal v in

λs+1 T s+1 1 k 1 λ Z(s)

G_p(s)e^{−τ s}

1 − q_1(1 − e^{−T1s}) − q_2(1 − e^{−T2s}) d r u y

n

− − v

Figure 2: The control structure for implementation Figure 3: Magnitude frequency response of Q(s)

time-domain as: v(t) = ∫_t t−τ_m u(t)dt + q_1 ∫_{t−τm} t−τ_m−T_1 u(t)dt + q_2 ∫_{t−τm} t−τ_m−T_2 u(t)dt. By doing so, Z(s) does not possess any pole, even at s = 0, and there does not exist any unstable pole-zero cancellation between the controller and the plant. Hence, the control scheme implemented in Figure 2 is internally stable.

In this control structure, the disturbance response from d to y, considering uncertainties in the plant, can be represented as

G_{yd}(s) = k s G_{p0}(s)e^{−τ s} 1 + (1 − q_1(1 − e^{−T1s}) − q_2(1 − e^{−T2s}))^1_{λ+Z(s)}^1_s G_{p0}(s)e^{−τ s} = k(λ + Z(s))G_{p0}(s)e^{−τ s} λs + sZ(s) + (1 − q_1(1 − e^{−T1s}) − q_2(1 − e^{−T2s}))G_{p0}(s)e^{−τ s} .

Since G_{p0}(0) ≠ 0 and Z(s) does not have a pole, G_{yd}(s) does not have an unstable pole at s = 0. In the nominal case, where G_{p0}(s) = 1 and τ_m = τ, the disturbance response is

G_{yd}(s) = k (λ + Z(s)) e^{−τ s} λs + 1 . (11)

There is only one pole at s = −^1_λ (since Z(s) does not possess a pole) and the nominal system is stable. Moreover, this (stable) pole is cancelled by the zero at s = −^1_λ since λ + Z(−^1_λ ) = 0, according to (10). This confirms that the obtained disturbance response is indeed deadbeat in the nominal case.

4 Parameter Tuning and Robustness

The complementary transfer function of the nominal system is

T (s) = Q(s)e^{−τms}.

Hence, for a multiplicative uncertainty Δ(s) ∈ H_∞, the system is robustly stable if ‖Q(s)‖_∞ <^1_{‖Δ(s)‖∞} , i.e., the magnitude

frequency response |Q(jω)|, of which a typical example is shown in Figure 3, stays under^1_{|Δ(jω)|} .

It can be shown that for T_2 > T_1 > 0 and λ > 0, the (delay) gains satisfy

1 − q_1 − q_2 > 0, q_1 < 0 and q_2 > 0. (12)

The upper envelope of Q(s) given in (6) is,

Q_u(s) =

|1 − q_1 − q_2| + |q_1| + |q_2| λs + 1 = 1 − 2q_1 λs + 1 .

Hence, the following theorem holds:

Theorem 2. The system described in Theorem 1 is robustly stable if

1 − 2q_1 < 1 ‖ ‖ ‖^{Δ(s)}_{λs+1} ‖ ‖ ‖_∞ ,

for a multiplicative uncertainty Δ(s) ∈ H_∞.

The high frequency asymptote of the upper envelope Q_u(s) is

log |Q^a_u(jω)| = log

1 − 2q_1 λ − log ω.

It intersects with the straight line ω = 1rad/sec at log^{1−2q1}_λ , noted as A in Figure 3. 1 − 2q_1 can be interpreted as the cost of

robustness to obtain a deadbeat disturbance response and J =^{1−2q1}_λ as a robustness indicator. For given T_2 and λ, T_1 can be

chosen to make point A as low as possible, i.e.

min_{T1} J = min_{T1}

1 − 2q_1 λ to obtain the largest possible robust stability region. With consideration of (7) and (12), the robustness indicator can be simplified as J = 1 λ ( 1 + 2(λ + τ_m)(e^{T2 /λ} − 1) − 2T_2 T_2 − T_1 + T_1e^{T2/λ} − T_2e^{T1/λ} ) . (13)

Since (λ + τ_m)(e^{T2 /λ} − 1) − T_2 > 0 and T_2 − T_1 + T_1e^{T2/λ} − T_2e^{T1/λ} > 0 for T_2 > T_1 > 0 and λ > 0, J is always larger than 1 λ . Differentiate J with respect to T_1 and let it be 0, then

−1 + e^{T2/λ} − T_2 λ e^{T1/λ} = 0,

which offers

T_1 = λln e^{T2/λ} − 1 T_2/λ , (14)

Figure 4: The optimal ratio T_1/T_2 with respect to T_2/λ Figure 5: Scaled robustness indicator τmJo

or T_1 T_2 = λ T_2 ln e^{T2 /λ} − 1 T_2/λ . A graphical representation of this function is shown in Figure 4. If T_2/λ → 0, then T_1 → 0.5T_2; If T_2/λ → ∞, then T_1 → T_2. Thus, T_1 is always less than T_2. The corresponding minimal J is then obtained as

J_o = 1 λ 1 + 2(1 +^{τmλ} )(e^{T2 /λ} − 1) − 2^{T2λ}

T_2

λ + (e^{T2 /λ} − 1) ( ln^{eT2 /λ−1} T_2 /λ − 1 ) . (15)

A scaled J_o by τ_m is shown in Figure 5 with respect to^{T2}_{τm} and^λ_{τm} .

Remark 4.1. As can be seen, the larger T_2 and λ the better the robustness. The robustness becomes worse drastically for T_2 < τ_m or very small λ/τ_m. Hence, T_2/τ_m or λ/τ_m cannot be chosen too small, although a small λ is helpful for the dynamics of the disturbance response as given in (11). Remark 4.2. If λ → +∞, then τ_mJ_o →^{16+8} T2 τm (^{T2}_{τm} )^2 . In fact, for λ > τm, the robustness indicator Jo varies slightly. This means that λ

can no longer be used as a fine tuning parameter to meet the robustness as in a common disturbance observer-based control scheme using a rational low-pass filter [13, 24]. A reasonable value of λ is (0.5 ∼ 1)τ_m.

Remark 4.3. If T_2 → +∞, then J_o →^1_λ ; the system degenerates into a common system without the property of a deadbeat disturbance response and so the robustness. This means that T_2 has to be used to compromise between the deadbeat time and the robustness. If a deadbeat disturbance response is desired, the robustness has to be sacrificed to some extent. If a good robustness is desired, the deadbeat time cannot be chosen too short. This also indicates that delay T_2 takes the place of the bandwidth of the low-pass filter to compromise between the robustness and the disturbance response. This compromise can never be overcome. Remark 4.4. For given T_2 and λ, J_o is proportional to the dead-time τ_m as shown in (13). This means that a system having a longer dead-time has to pay more for the robustness in order to obtain a deadbeat disturbance response.

In summary, the parameters are determined as follows:

Step 1. Initially choose T_2 = (1.5 ∼ 2)τ_m, then the recovery time is (3.5 ∼ 4)τ_m, which is much faster than that of the sub-ideal disturbance response (5.5 ∼ 9)τ_m (if the robustness is met);

Step 2. Choose λ = (0.5 ∼ 1)τ_m, calculate T_1 from (14) and then q_1 and q_2 from (7).

Step 3. Evaluate the robustness. If the robust stability condition is not met, then increase λ and repeat Step 2 to check if the robust stability condition can be slightly over-met; if the robust stability condition is much over-met, then decrease T_2 and repeat Step 2 till the robust stability condition is slightly over-met. If increasing λ cannot meet the robust stability condition, then increase T_2 and repeat the above procedures again till the robust stability condition is slightly over-met.

5 An example

Consider the following widely studied integral process with dead-time [5, 8, 9]:

G_m(s) = 1 s , τ_m = 5 sec,

assuming that the worst multiplicative uncertainty is Δ(s) =^1_{0.1s+1} e^{−0.5s} − 1.

Choose T_2 = 2τ_m = 10sec and λ = 0.5τ_m = 2.5sec, then T_1 = 6.5sec, q_1 = −1.75, q_2 = 0.39. The disturbance response of d(t) = −0.1 in the nominal case is shown in Figure 6(a) and the one in the worst case of uncertainty is shown in Figure 6(b). The nominal disturbance response is deadbeat at t = 2τ_m+T_2 = 20sec and the response in the worst case uncertainty becomes worse but still very good. As mentioned in the Introduction, many other different control schemes offer the same disturbance response, where the recovery time of the disturbance response is very long. A comparison to the disturbance response obtained by those schemes is given as follows: the recovery time is designed to be very close to t = 20sec using a low-pass filter^{9s+1}_{(2s+1)2} for the conventional control schemes, e.g. the one studied in Part 1 [13], to obtain a sub-ideal disturbance response. The corresponding disturbance responses in the nominal and worst cases are noted as Sub-ideal in Figure 6 (a) and (b), respectively. As can be seen, the system becomes unstable in the worst case of uncertainty. In other words, in order to obtain the same recovery time, the proposed deadbeat control scheme has much better robustness than the conventional scheme. In order to obtain similar robustness, the recovery time obtained by the conventional scheme is much longer. The advantage of the conventional schemes is a relatively smaller dynamic error.

The following analysis shows that the controller itself has no right-half plane pole and hence is stable. The characteristic equation of the controller itself, 1 − Q(s)e^{−τms} = 0, is equivalent to

λs + 1 = (1 − q_1 − q_2)e^{−τms} + q_1e^{−(T1 +τm)s} + q_2e^{−(T2 +τm)s}.

Denote the left side as L_1(s) and the right side as L_2(s), of which the loci are shown in Figure 7 for ω = 0 → +∞. Locus L_1(jω) is a straight line from (1, j0) to (1, j∞) and locus L_2(jω) lies inside the circle at (0, 0) with a radius of 1 − 2q_1 = 4.5. L_1(jω) intersects with the circle at ω_0 =

√_{(1−2q1 )2−1} λ = 1.75rad/sec. For ω > ω_0, the two loci do not intersect. For 0 < ω < ω_0 there is

(a) The nominal case (b) The worst case of uncertainty Figure 6: Comparison of disturbance responses

Figure 7: Dual-locus diagram of the controller

only one intersection (noted as A in Figure 7), of which the corresponding frequency of L_2(jω) is about ω_A = 1.165rad/sec. For the same frequency, L_1(jω_A) arrives at point B. Hence, L_1 arrives at the intersection A earlier than L_2. According to the dual-locus diagram [25, 26], no right-half plane pole exists in the controller and, hence, the controller itself is stable.

6 Conclusions

Using multiple delay elements, this paper presents a control scheme to obtain a deadbeat response under a step disturbance for integral processes with dead-time. For the same robustness, the proposed control scheme obtains faster disturbance response; for the same recovery time, the proposed control scheme obtains better robustness. A special feature of the controller is that two delay elements are intentionally used in the controller but only one delay element is used in a common Smith predictor. Moreover, the delays are tuning parameters rather than a fixed one equal to the nominal dead time. The longer delay (i.e. the deadbeat time) is tuned with compromise of robustness and the shorter delay is optimally determined to minimize the robustness indicator and, hence, to maximize the allowable uncertainty bound. With consideration of the internal model principle, the controller is potential to reject arbitrary disturbances [12]. Some interesting topics, such as input shaping techniques and dual-locus diagrams, have been involved in this paper.

Acknowledgment Q.-C. Zhong thanks the Associate Editor Prof. Mahmut Reyhanoglu for his excellent review processing, the anonymous Reviewers for the prompt review and the useful comments, and Dr. Han-Xiong Li for the fruitful discussions.

References

[1] K. Watanabe and M. Ito, “A process-model control for linear systems with delay,” IEEE Trans. Automat. Control, vol. 26, no.

6, pp. 1261–1269, 1981.

[2] Q.G. Wang, T.H. Lee, and K.K. Tan, Finite Spectrum Assignment for Time-Delay Systems, Springer-Verlag London Limited, 1999.

[3] K. Watanabe, E. Nobuyama, T. Kitamori, and M. Ito, “A new algorithm for finite spectrum assignment of single-input systems with time delay,” IEEE Trans. Automat. Control, vol. 37, no. 9, pp. 1377 –1383, 1992.

[4] A. Medvedev, “Disturbance attenuation in finite-spectrum-assignment,” Automatica, vol. 33, no. 6, pp. 1163–1168, 1997. [5] K.J. Åström, C.C. Hang, and B.C. Lim, “A new Smith predictor for controlling a process with an integrator and long deadtime,” IEEE Trans. Automat. Control, vol. 39, pp. 343–345, 1994.

[6] W.D. Zhang and Y.X. Sun, “Modified Smith predictor for controlling integrator/time delay process,” Ind. Eng. Chem. Res., vol. 35, pp. 2769–2772, 1996.

[7] M.R. Matausek and A.D. Micic, “A modified Smith predictor for controlling a process with an integrator and long dead-time,” IEEE Trans. Automat. Control, vol. 41, no. 8, pp. 1199–1202, 1996.

[8] M.R. Matausek and A.D. Micic, “On the modified Smith predictor for controlling a process with an integrator and long dead-time,” IEEE Trans. Automat. Control, vol. 44, no. 8, pp. 1603–1606, 1999.

[9] J.E. Normey-Rico and E.F. Camacho, “Robust tuning of dead-time compensators for process with an integrator and long dead-time,” IEEE Trans. Automat. Control, vol. 44, no. 8, pp. 1597–1603, 1999.

[10] J.E. Normey-Rico and E.F. Camacho, “A unified approach to design dead-time compensators for stable and integrative processes with dead-time,” IEEE Trans. Automat. Control, vol. 47, no. 2, pp. 299–305, 2002.

[11] S. Majhi and D.P. Atherton, “Modified Smith predictor and controller for processes with time delay,” IEE Proc.-Control Theory Appl., vol. 146, no. 5, pp. 359–366, 1999.

[12] M.R. Stojic, M.S. Matijevic, and L.S. Draganovic, “A robust Smith predictor modified by internal models for integrating process with dead time,” IEEE Trans. Automat. Control, vol. 46, no. 8, pp. 1293–1298, 2001.

[13] Q.-C. Zhong and J.E. Normey-Rico, “Control of integral processes with dead-time. Part 1: Disturbance-observer based 2DOF control scheme,” IEE Proc.Control Theory Appl., , no. 4, pp. 000–000, 2002, In press.

[14] L. Mirkin and Q.-C. Zhong, “Coprime parametrization of 2DOF controller to obtain sub-ideal disturbance response for processes with dead time,” in Proc. of the 40th IEEE Conf. on Decision & Control, Orlando, USA, December 2001, pp. 2253–2258.

[15] Q.-C. Zhong and L. Mirkin, “Control of integral processes with dead-time. Part 2: Quantitative analysis,” IEE Proc.Control Theory Appl., , no. 4, pp. 000–000, 2002, In press.

[16] E. Nobuyama, S. Shin, and T. Kitamori, “Deadbeat control of continous-time systems: MIMO case,” in Proc. of the 35th IEEE Conference on Decision & control, Kobe, Japan, 1996, pp. 2110–2113.

[17] K. Watanabe, E. Nobuyama, and A. Kojima, “Recent advances in control of time delay systems—A tutorial review,” in Proc.

of the 35th IEEE Conference on Decision & control, Kobe, Japan, 1996, pp. 2083–2089. [18] K. Zhou and J.C. Doyle, Essentials of Robust Control, Prentice-Hall, Upper Saddle River, N.J., 1997. [19] Z.J. Palmor, “Time-delay compensation — Smith predictor and its modifications,” in The Control Handbook, S. Levine, Ed., pp. 224–237. CRC Press, 1996.

[20] H. Dym, T. Georgiou, and M.C. Smith, “Explicit formulas for optimally robust controllers for delay systems,” IEEE Trans.

Automat. Control, vol. 40, no. 4, pp. 656–669, 1995.

[21] L.Y. Pao, “Multi-input shaping design for vibration reduction,” Automatica, vol. 35, no. 1, pp. 81–89, 1999. [22] Q.-C. Zhong, J.Y. Xie, and Q. Jia, “Time delay filter-based deadbeat control of process with dead time,” Industrial & Engineering Chemistry Research, vol. 39, no. 6, pp. 2024–2028, 2000.

[23] M. Bodson, “Adaptive algorithm for the tuning of two input shaping methods,” Automatica, vol. 34, pp. 771–776, 1998. [24] H.X. Li and P.P.J. Van Den Bosch, “A robust disturbance-based control and its application,” Int. J. Control, vol. 58, no. 3, pp.

537–554, 1993.

[25] O.J.M. Smith, Feedback Control Systems, McGraw-Hill Book Company, Inc., 1958.

[26] Q.-C. Zhong, “Robust stability analysis of simple control algorithms in communication networks using dual-locus diagram,” submitted to Automatica, 2002.