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本公司目前水、火力機組，約有六十部採用本處自行研製之靜態勵磁系統，近年來由於國外生產大型發電機組之靜態勵磁系統或自動電壓調整器，都附有電力系統穩定器(Power System Stabilizer)功能，因此希望藉由研習國外之PSS相關技術，提昇本公司對電力系統穩定器的研發自製能力，以配合公司各大型發電機組靜態激磁系統更新時之需求。研習內容包括PSS的理論基礎、控制方塊圖、軟、硬體架構、性能測試和PSS在靜態勵磁系統中的功能，可做為未來本處自行研發PSS之參考依據，並應用至本處數位式靜態勵磁系統中。
本文電子檔已傳至出國報告資訊網（http：//report.gsn.gov.tw）
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1、 國外公務之內容與過程:
1. 出國任務:
    靜態勵磁系統PSS技術實習。

2. 說明:
1.目標:
    研習國外靜態勵磁系統中之PSS(電力系統穩定器)技術，提昇本公司對電力系統穩定器的研發能力，將來可應用在自行研製之數位式靜態勵磁系統中。
2. 緣起:
  本公司目前水、火力機組，約有六十部採用本處自行研製之靜態勵磁系統，近年來由於國外生產之靜態激磁系統或自動電壓調整器，都附有PSS功能選購，因此有必要自行研製PSS功能，以配合公司各大型發電機組靜態勵磁系統更新時之需求。
3. 實施要領:
 (1).研習PSS(電力系統穩定器)理論基礎。

(2).研習PSS(電力系統穩定器)軟、硬體架構。

(3).規劃PSS(電力系統穩定器)研製。

4. 預期成果:
 (1).訂定PSS(電力系統穩定器)控制方塊圖。

(2).依據控制方塊圖撰寫PSS(電力系統穩定器)控制演算法。

(3).完成PSS(電力系統穩定器)試製。

3. 出國行程:

  1. 行程: 93年8月15日~ 93年8月26日。
    2. 地點: 德國SIEMENS公司。
2、 國外公務之心得與感想
  一、電力系統低頻震盪的問題
震盪的話題從電廠建構之初就已存在，叁相輸電網路連結著輸電阻抗、旋轉的汽輪發電機機組構成的電力系統，就有可能產生低頻震盪，震盪範圍大概產生在0.2Hz至2Hz。朝向外面看，這些震盪顯示出他們本身是有效電力的震盪，往內部看，則可視為轉子電功角度δ的擾動。這個系統可比擬如一個扭力彈簧系統，機械同步力矩有如彈簧在輸電網路的同步頻率與同步機旋轉轉子之間。然而同步力矩是和轉子電功角度δ相關，但不是線性的關係，它是比例於轉子電功角度δ的正弦分布，因此發電機可產生同步。

      不同的參數影響自然頻率的阻尼(Damping) 
  ․非同步力矩是正比於發電機的轉差，因此反作動轉子電功角改變。較高的非同步力矩增加阻尼，非同步力矩主要依賴發電機的尺寸，發電機電力的增加已經藉由增加冷卻主動繞阻來達成，而不是增加發電機的尺寸，然而因同步力矩比非同步力矩增加許多，導致系統的阻尼因數降低。

  ․上述的震盪稱為發電機本身的模式，其它的震盪發生在電廠與電廠之間，或者區域電廠和輸電線長距離的負載連結，這些形態的震盪，希望能藉由電力系統穩電器(PSS)，來提供一個正值的阻尼貢獻。

  ․在輸電網路與電廠增加電力輸出之間的相互作用的關係，當實際故障容量還是停留在原有的容量準位，而目前個別發電廠機組的平均輸出卻已經增加，這對輸電網路是一個負面的影響。

  ․電力轉換器的使用在負載線路端也是一種不穩定的影響，這些裝置元件使用量的增加，已對輸電網路的動態特性，有著日與俱增的不利影響。

  ․高增益的電壓調整器快速反應大量的電壓改變，因而導致電力系統的震盪，經由激磁系統的震盪，更加深汽輪機組的暫態力矩，雖然激磁系統有電壓支撐的效用，但它們卻對有效電力輸出的正確性，有著反向的影響，因此致使汽輪機組自然頻率的不穩定，這個反向阻尼作用，可以導致汽輪機組的不穩定，獨立於(不受)現有的輸電網路規劃的控制。

這些目前工業發展的結果，對於有效電力的震盪，已經成為一個難題，必須用適當的控制和儀器設備來處理，現今不僅必須考慮發電機本身接近1HZ的震盪，更要考慮更向前擴展的低頻頻帶，特別是機組與電網之間的震盪已下降至0.5HZ，這將是一個有趣的新課題。
二、電力系統穩定器(Power System Stabilizer)的任務
汽輪發電機組主要由兩個控制系統組成，一個是用來控制汽輪機的調速機(Governor)控制系統，控制發電機的轉速和出力，另一組是用來控制發電機電壓和無效電力的激磁控制系統，如圖一所示。
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汽輪調速機改變控制閥h的位置來調整篜氣的流量到汽輪內，這個意義是可藉由調速機的下降命令達成，由於閥動態特性的限制，它無法在0.1HZ的頻率精確動作，所以當輸電網路產生低頻震盪時，無法即時改善此現象。電壓調整器的主要目的是盡可能維持發電機端電壓穩定，使發電機可免於外部的干擾，假如電壓調整器有顯著的效果，發電機可產生大量的無效電力貢獻給輸電網路，但是電壓調整器最重要的任務在輸電網路有短路故障時，能夠對故障點提供無效電力的調整。萬一這種情況發生時，電壓調整器的任務就是快速穩定發電機端電壓，防止電廠機組故障跳脫，因此高品質的電壓調整器是一項很重要的設備。如上所述，電壓調整器的動態範圍不能隨便被增加或減少，基本上激磁系統的高增益動態特性是允許反應到有效電力震盪，但只在電壓回授是電壓調整器的一個控制變數時。

當汽輪機組被視為一個完整的控制系統時，對抗震盪的方法就更明顯了，如圖二所示。激磁電壓Vf是電壓調整的操作變數，不僅影響發電機的端電壓Vt，而且也影響有效電力傳送到輸電網路(轉移函數Gpv)，雖然有效電力的穩態部分不能經由激磁電壓來改變(這功能只能由汽輪調速機控制來完成)，但是動態的部份就能由暫態的激磁電壓來影響。
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激磁電壓和有效電力輸出之間的連結，能用另一穩定的控制迴路來解釋，被用來作為穩定的元件就是電力系統穩定器(PSS) ，如圖三所示。
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圖三 PSS在電壓調整器控制系統


電力系統穩定器(PSS)在電壓調整器控制系統的安排，明確地說明它的功能是有某些的限制因數。
˙只有有效電力震盪的成分能夠被控制影響，直流成分和低頻成分能藉控制閥體的方法來影響電力供應的變化，PSS的低頻截止頻率大約在0.4HZ，汽輪控制的高頻截止頻率大約在0.1HZ，所以當震盪在0.1至0.4HZ之間就無法藉由汽輪機組的調整設備來對抗。
˙假如PSS的效果藉由設計的標準或其它測量，低頻的範圍不被抑制，在電壓調整器與PSS之間的最佳互動可以解決這個問題，因此必須調和電壓調整器的設計與電力系統穩定器的參數。
˙激烈的電力系統暫態現象可以導致無效電力大量的轉移，這種的變化可能導致保護設備的跳脫，因此必須藉由適當的關閉(控制)準則來避免這類問題。

˙PSS的動態範圍只受限於激磁系統，同時與發電機震盪發生的頻率比較，事實上PSS的動態範圍幾乎是受限制於主勵磁機的時間常數。

PSS的使用可被視為激磁控制系統中的一個選項，基本上假如電廠的電壓調整器是被設定在低的增益值，則沒有PSS也能夠運轉。然而值得注意的是在輸電系統電壓的穩定支撐，電壓調整器的比例增益必須比較高，為的是能在輸電系統受干擾事件中，有較大正面的作用。然而汽輪機組快速反應模式下的結果，輸電網路必須藉由PSS來調和電壓調整器快速的變化。
三、PTI設計之PSS
在本公司核能及大型火力電廠已裝設有PTI設計之PSS，PTI的電力系統穩定器設計是以微處理器為架構，透過激磁控制補強系統的穩定度，改善動態的低頻震盪和電功角度的欠阻尼震盪。穩定器需要的訊號來至PT和CT的取樣值，微處理器根據這些訊號經過演算法，計算出適當的機械震盪阻尼的調整動作值。調變信號被用來控制固態可調式比壓器的輸出，藉以改變自動電壓調整器的回授電壓比值，訊號調整比壓器電壓比被限制在額定的±10%，如圖四所示。
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四、現在PSS之設計趨勢
    同步發電機透過激磁控制增強穩定度已經廣泛地在文獻發表，電力系統穩定器所需之相關的變數，如轉子的速度、輸電線上的頻率、電功率和功率加速度等，也被建議輸入穩定器演算，藉以獲得系統穩定的調變信號，並將此信號加入自動電壓調整器的參考信號輸入端，藉以發揮PSS的功能，如圖五所示。
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    由於電子和微處理機技術的快速進步，PSS的功能利用A/D轉換器和微處理機做為信號的處理，目前多以數位化的方式來呈現，演算法包括有數位(Digital)控制、適應性(Adaptive)控制、強健型(Robust)控制和模糊理論(Fuzzy)控制等。
五、PSS功能測試
    由於PSS的參數結構相當複雜，不大可能以人為的方式在現場調整參數到最佳化，所以電廠發電機組與輸電網路之重要參數必須事先決定。PSS的功能也必須區分使用和不使用的比較量測法進行查對，為了管控量測值，所有控制迴路包括汽輪調速機和電壓調整器必須在最佳情況下運轉，測試時還需與維護人員和負載調度人員協調，解除系統中的某些條件限制。首先一個步階信號將注入激磁系統，觀察使用和不使用PSS在時域中阻尼的動態情形。確認PSS的動作範圍須在基載的欠激和過激兩個範圍內操作，並將下列正弦信號的頻率加入PSS的測試端PSSTST ，加入測試信號的大小要能改變有效或無效電力額定的3%，如圖六所示。
f = [0.2Hz, 0.3Hz, 0.4Hz, 0.5Hz, 0.6Hz, 0.7Hz, 0.8Hz, 0.9Hz, 1.0Hz, 
  1.1Hz, 1.2Hz, 1.3Hz, 1.4Hz, 1.5Hz, 1.75Hz, 2.0Hz, 2.5Hz ]。
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3、 出國期間所遭遇之困難與特殊事項。

此次到SIEMENS公司實習靜態勵磁系統之PSS技術，發現其數位控制器，已進展到適應性(Adaptive)和強健型(Robust)控制的演算理論，這對於涉此理論未深的我，實在是一個震驚，感嘆數位控制技術進步實在太快。本處從88年將類比控制器進階為數位控制器設計，93年開發複聯式控制器，現在又遇到一個新科技的轉折點，公司應重視此類新科技的發展，並須有優質的新進人力，才能對先進設備有所了解，否則往後的設備更新技術又被國外廠家所掌控。
4、 對公司之具體建議:
1. 台電之電力系統的規模漸漸地在成長，輸電線網路也正在增建中，系統漸趨複雜化，加上用戶端大量使用電力轉換器等設備，為了增強電力系統的穩定度，PSS的裝置日益重要。
2. 由於PSS的參數結構相當複雜，不大可能以人為的方式在現場調整參數達到最佳化，發電機組與輸電網路之重要參數必須事先模擬決定。本處目前並無建置此軟、硬體設備，因此必須藉由綜合研究所和系統規劃處之協助，建構PSS系統參數，以利未來PSS的研製。
3. PSS的控制演算法目前已有數位(Digital)控制、適應性(Adaptive)控制、強健型(Robust)控制和模糊理論(Fuzzy)控制等，將來著手開發此產品時，應先以本處發展之數位化控制演算法加以研究試製，待有經驗後在嘗試其他較複雜之控制演算法。
4. 適應性(Adaptive)控制、強健型(Robust)控制和模糊理論(Fuzzy)控制是較現代化的控制理論，開始應用在電力設備上，公司應重視此類新科技的發展，並加強人員的培訓，才能了解先進設備的特性，以利往後的機組維護或設備更新設計的能力。
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the grid. Therefore, the design of the PSS must guarantee adequate robustness in order to ensure
good stabilisation characteristics under changing conditions also.

4. PSS design

Due to the task’s high complexity a self-tuning computer-aided design for the PSS is realised. In
doing so, the design of the PSS’s actual coefficients is-ascribed to the specification of weighting
functions with which the desired characteristic (the regulation or stabilisation objective) can be
formulated in a simple fashion. The interactive design approach is best explained with reference
to the flowchart in Fig. 7.

Parameter file for generator,
transformer, grid and regulator

Linearisation

Define
weights

Hoo synthesis

Requirements with plotted result Requirements
enlargment reduction
A
/
Performance Robustness
unsatisfactory unsatisfactory
Result OK
End

Figure 7: PSS design sequence

The parameters specific to the plant (reactance values, mass moment of inertia, resistance values
and operating point etc.) first have to be determined and entered. In doing so, the generator data
(equivalent circuit diagram B), the saturation curves and the exciter data sheet are of central
importance. In the next step, a linear model is defined for the specified operating point.

An interactive process then begins. First of all, the weights must be specified, which specify the
performance and damping aims of the PSS and the robustness of the controlled system. The
higher the performance weight is, the more power oscillation will be balanced out. This higher
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stabilisation stands in contrast to two negative effects: on the one hand, the manipulated variable
amplitude increases and, along with it, interacts with the other control loops of the system and,
on the other hand, robustness decreases, i.e. the control system becomes sensitive to changes in
the plant. These model discrepancies may be the result of inexact modelling operations,
inevitable simplification of the model or changes in the grid or they may be caused by the
choice of a different operating point. Robustness, however, which is a measure of the stability
reserve, can be calculated and is also produced as an output of the design procedure.

For the central step, design of the PSS parameters for given weights, the closed loop is
converted to the so-called standard problem form (Fig. 8). A transfer matrix from the inputs to
the outputs can be computed depending on the parameters of the PSS. The aim of fully
automatic design is to minimise the norm (a measure of the gain in multiple-variable systems)
of the transfer matrix by a suitable choice of the PSS’s parameters. In this case, use is made of
the Heo-norm, thus calculation happens by an iteration of a parameter Y. The Hoo-norm cor-
responds to the maximum gain of the transfer function over all frequencies and thus is optimal
to specify or to discuss the damping behaviour by the absolute values of the function P, /Vyyer
Robustness specification can be done with the infinity norm as well. The PSS is designed
completely analogously to the design of a controller.

Generator, excitatoin,
W —= —

voltage regulator

Weights
u T

2 I4 e
PSS
K

Figure 8: Standard-problem

Due to the fact, that the PSS has to react only to the AC components of electrical power, a
washout filter is integrated between power and the input of the PSS. After the design this filter
is ascribed to the PSS. Consequently the steady state value of the PSS step response becomes
Zero.

After calculation of the PSS parameters, the design is assessed on the basis of various frequency
and time range analyses. One important criterion that sets an upper limit to the damping is the
influence of the PSS on voltage regulation. If the PSS setting is too “sharp” here, voltage
regulation may be destabilised. This is why the influence on voltage regulation is always
included in the depiction of the design result. All three influences, the manipulated variable,
robustness and the disturbance influence on voltage regulation must be taken into account when
setting the damping. In any case, the Ho, design returns a stable power damping response for
every stable weights.
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The system is now designed by virtue of the fact that the weights are varied until the desired
result is achieved, taking the above-mentioned marginal conditions into account. Figure 9 shows
the design result for a 2% step to terminal voltage setpoint. Depicted are terminal voltage, field
voltage, active and reactive power, all normalised. The small interaction to terminal voltage in
spite of the high damping of power oscillations can be observed well.

2% step to V, 2% step to V,

tref tref

0.03 0.03
- 0.02
/\ o with PSS
0.02 — .
0.01R-#-
V‘ Pe l’l l,\ I"l.Li—’ LY
0.01 RN T
0,01t
T without PSS
0 -0.02 .
0 5 {[sec] 10 0 5 t[sec] 10
1 0.2
0.8 1\\ 0.15 VN
A NG
v 2N 04
. \ 0.05 {/
0.2 - ——— :
0 0
0 5 t [sec] 10 0 5 t [sec] 10

Figure 9: Design results (2% step to Vyyef)
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5.

Realisation in Simadyn D

The result of the design is a power system stabiliser whose order is at least as high as that of the
controlled system (generator + voltage controller + field voltage controller + weights). For
numerical reasons a low order transfer function in canonical form is preferable. Fig. 10 shows
the modal form of the PSS preceded by the washout filter. The number of integrators used
corresponds to the order of the PSS and therefore also depends on the characteristics of the plant
More integrators are needed in the case of exciter systems with a main exciter than in the case
of static exciters. By means of model order reduction after balanced realisation the order of the
PSS without washout filter can be reduced from 13-to 3 or 4 without remarkable changes in
system behaviour.

|-

T,
' N2 7y i/TiZ Ts
!

Figure 10: Computer representation of PSS

In Simadyn D, the PSS is realised in the function package PSS. In addition to the dynamic
characteristics it provides a contol logic for activation and deactivation automatically or
manually of the PSS signal. The PSS can switched on only after the generator is connected to
the grid. In case of a load rejection PSS is deactived automatically, but during a short circuit it
remains active. With several criteria a distinction between a load rejection and a short circuit
can be done. A test signal PSSysris added to the output of the PSS Ypgs.
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6.

Commissioning

Owing to the complex structure, it is not possible to adjust or to optimise the parameters of the
PSS manually. Instead, the crucial parameters of the plant must be determined in advance. If not
all parameters can be found in data sheets, in exceptional cases corresponding measurements
may be necessary.

Comparison measurements with and without the PSS are undertaken to check its effectiveness.
In order to conduct the measurements, all control loops (turbine governor and voltage regulator)
must be operated and optimised. The tests have to be released by the maintenance personnel and
by the person responsible for load distribution. e

At first a step signal will be injected with PSS in operation and with PSS switched off to
observe damping behaviour in time domain.

To check the operating range of the PSS, sinusoidal signals with the following frequencies are
fed into the test input PSS7s7 of the PSS at two operating points (under-excited and over-excited
range near base load):

f =102 Hz, 0.3 Hz, 0.4 Hz, 0.5 Hz, 0.6 Hz, 0.7 Hz, 0.8 Hz, 0.9 Hz, 1.0 Hz, ...
. 1.1 Hz, 1.2 Hz, 1.3 Hz, 1.4 Hz, 1.5 Hz, 1.75 Hz, 2.0 Hz, 2.5 Hz]

At the same time, the frequencies up to 0.5 Hz serve less to measure the effect on power
oscillations, but to exclude inadmissible reactive power shifts or interactions with the voltage
regulation.

The amplitude of the test signal is increased until the resulting active or reactive power
amplitude reaches 3% of the nominal value. As the characteristic output variables have to be
observed online, excitation with random noise is less suitable here. At each frequency the test is
initially conducted with the PSS switched off, and is then repeated after switching on the PSS.
The following signals are recorded at a rate of 1 kHz:

e P Active power

e O Reactive power
e Vi Terminal voltage
° Ve Field voltage

e I Field current

e PSSysr:  Signal at the PSS test input

All signals can be tapped at existing measurement points, with the result that no additional
measuring transducers need to be installed. The tests take around two hours and, in doing so, a
signal of one specific frequency is applied until steady state conditions are achieved (around 30
sec. to 60 sec.). The measurements can be adjusted from the control room.

Alternatively to this quantitative verification of PSS performance a simple qualitative
demonstration of damping behaviour can be done by a random noise generator.
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7. Results

The effect of the PSS described will be illustrated with reference to the measurements that were
undertaken during commissioning of a PSS for a steam turboset with 230MW rated power.
Similar results could be achieved at other turbosets with different rated power. It should be
remarked that the PSS damping contribution depends on the excitation system. The
improvements in oscillation behaviour that can be achieved with static exciter systems are
better.

The measured data was acquired in a series of measurements recorded in accordance with the
instructions detailed in Section 6. The dashed lines in Fig. 11 each show the curve of the
transfer function P, /Vy,er without the PSS, while the solid lines indicate the curve with the PSS
activated. We can see the local mode of the power oscillations around 1.1 Hz and the high
damping contribution of the PSS for a wide range of frequencies. The measured transfer
function shows good conformity with the response that was forecast during the design phase.

Gain [dB]
20 N
A i | Pl
/ \\ Without PSS
10 \
0 T —"//\\
~
™ With PSS
-10 i | [ 1
10" 10 Frequency [Hz] 10
Phase [deg]
200
100
T
0 3
\\
-100 ==
10" 10 Frequency [Hz] 10

Figure 11: Response with and without PSS in frequency range

When comparing the curves without and with PSS the voltage regulator has to be taken into
account. Here, a low gain PI controller is used. That’s why the damping behaviour is acceptable
even without PSS. But for a high gain lead-lag controller the situation is different: Damping
without PSS would be less and hence the comparison between the curves is more impressive.
Both, damping contribution and the band of frequencies with improved damping seems to be
better although the overall performance with PSS in action is similar to a low gain PI voltage
controller with PSS.
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Appendix:
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The design of the PSS is ascribed to a regulator design in which the PSS is considered as a
regulator for the power or, owing to its differentiating character, for the power change (see Fig.

12):
Vier Plant G
» o Controller K l Gepergtor, P
eref — PSS excitation,
regulator

Figure 12: Power System Stabiliser as controller

The plant G exists in state-space form and is described by the differential equation
X=Ax+Bu (1)
y=Cx+Du 2)
In this equation, A, B, C and D are the state matrices of the linear, time-invariant system, while
u is the input (in this case, the terminal voltage setpoint), y is the output (in this case, electrical

power) and the vector x combines the state variables. As most systems, including the present
one, the character of a low-pass filter, the matrix D can be neglected.

Together with the weights and the washout filter the plant G forms the augmented plant P
according to the standard-problem in Fig. 8. As mentioned above the washout filter is only
separated by the PSS during design phase. When dividing P in four transfer functions

Vi_ Py Py ||w
L}'[PZI PZZH‘J ®

the cost function, which norm has to be minimised by the “controller* K, gets obvious.

T, = Byt Bk (I~ PoK ' By, [T,[. = min )

v

This equation is called linear fractional transformation of K with P. Here the infinity norm is
used. The H,, norm of a transfer function is defined as the least upper bound of the greatest
singular value of the function over all frequencies. The frequency-dependent greatest singular
value establish the maximal gain of the matrix.

loa
SO W ©
[6].. =sup TG} (6)

For single-input/single-output systems the greatest singular value is simply the magnitude of the
Bode frequency response. T),, includes all functions with the chosen design specifications, i. e.

P
Fpy =% ()
Vi

The Bode plot of the transfer function Fpy is important regarding the obtained damping. By
decreasing the norm damping increases. Other transfer functions make judgements possible
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about the action of the manipulated variable and hence robustness. They limit the damping
requirements, therefor the minimising task can be interpreted as search for a compromise
between high damping behaviour and high robustness.

The weights individually specify the characteristics of the PSS: Here the damping behaviour as
a function of frequency, the action of the manipulated variable voltage setpoint or the sensitivity
against signal noise.

The solution’s existance depends on several conditions discussed in literature. Even for a well-
posedness problem an analytical solution does not exist until now. We do He, optimal control
synthesis via y-iteration using two-Riccati formulae.

JV4+VI-VRV+0Q=0 (8)
with the parameters

J=A 9)

R=-y" BBl +B,B) (10)

0=dlq an

for V=X ., and

J=AT (12)
R=-y2ClC+CiC, (13)
0=BB/ (14)

for V= Y. All matrices are defined in the augmentad plant P as state-space models.

A B, B,
P=|C, Dy Dy (15)
C, Dy Dy

A controller exists if and only if the solutions of both Ricatti equations are positive semidefinite
and on condition that

7> VAl X1 (16)

Amax denotes the maximum eigenvalue. The Ho.-optimal controller in state-space form

X. :[A” fZMLN] an

F. 0
with A =A+y BB/ X_+BF.+Z.L.C, (18)
F.=-BX., (19)
L. =-Y.Cl (20)
z.=lr-ywx.) @1

results from the plant and the Riccati solutions.

During a binary search the initial value of y is decreased until the Yy relative error between
adjacent stable solutions is less than the tolerance specified. With the minimum value of 7 the
structure of the He.-optimal Power System Stabilizer follows (see Fig. 13), including an
observer and a state feedback.
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